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Abstract 
The perio d o f Pliocene-Pleistocen e climat e ma y b e considere d th e mos t interestin g on e o f th e 
entire Earth' s history . T o explai n th e cycli c change s betwee n climati c extreme s require s stu -
dying both , th e hea t exchang e betwee n lo w an d hig h latitude s an d th e concentratio n o f green -
house gases (e.g. , C0 2) i n the atmosphere . Bot h o f thes e topic s ar e intimatel y tie d t o th e worl d 
oceans b y th e globa l thermohalin e circulatio n whic h control s th e distributio n o f heat , sal t an d 
chemical components . I n thi s thesis , Ocea n Drillin g Progra m (ODP ) site s fro m th e wester n equa -
torial Atlanti c an d th e Caribbea n wer e selecte d t o reconstruc t change s i n th e deep-wate r layers , 
e.g., Lowe r North  Atlanti c Dee p Water (LNADW , OD P Sit e 927) , Antarcti c Botto m Wate r (AABW , 
ODP Sit e 929) , an d a t intermediat e levels , e.g. , Antarcti c Intermediat e Wate r (AAIW ) an d Uppe r 
North Atlanti c Dee p Wate r (UNADW , Sit e 999) . Fo r this purpose , dee p wate r physica l an d che -
mical propertie s wer e reconstructe d usin g a  multi-paramete r approac h i n orde r t o monito r th e 
history o f Atlanti c deep-wate r circulatio n throughou t th e Pliocene-Pleistocene . 
Geochemical proxies , suc h a s th e plaeo-nutrien t conten t (benthi c foraminife r 9 13C) an d carbona -
te corrosivenes s wer e use d t o estimat e pas t changes i n th e vertica l dept h distributio n o f deep -
water. Change s i n th e geostrophi c flo w o f dee p wate r wer e interprete d throug h estimate s o f 
varying bottom-curren t intensity . Record s o f mean-grai n siz e i n th e terrigenou s sil t fractio n 
(mean sortabl e sil t =  mean (ss>) were produce d usin g a  Micromeritic s SediGrap h 510 0 t o estimat e 
paleo-bottom-current intensity . Change s i n deep  wate r mas s carbonate corrosivenes s wer e esti -
mated fro m planktoni c foraminifera l shel l preservatio n an d fro m grain-siz e analysi s o f th e calca -
reous sil t fraction . 
Inferred fro m th e mean (Ss) recor d o f sit e 927 , thre e end-membe r mode s o f LNAD W circulatio n 
were propose d fo r th e Pleistocene : (1 ) The interglacia l mod e o f strong  circulatio n wit h coars e 
mean(ss> values, indicatin g stron g botto m current s and , hence , vigorou s LNADW , (2 ) A slowdow n 
of circulatio n withi n th e LNADW  cell , indicate d b y overal l fine r mean (Ss) values a t sit e 927 , ope -
rating preferentiall y durin g glacia l periods , (3 ) A  scenari o o f episodi c shutdow n o f circulatio n a t 
the glacia l t o interglacia l transitions , indicate d b y extremel y fin e mean (Ss) minim a (-1 2 u.m) , 
which sugges t a n absenc e o f significan t bottom-curren t vigor . 
During mod e (2 ) the dee p water was mor e poorl y ventilate d compare d t o th e interglacia l mod e 
(1), a s indicate d b y it s lowe r glacia l benthi c 9 13C values. I n addition , a  highe r carbonat e corrosi -
veness o f dee p water i s indicate d b y a n overal l worsening o f planktoni c forminifera l preservatio n 
in mod e (2 ) intervals , an d grain-siz e analysi s reveal s a n enrichmen t o f th e 2-1 0 ur n fractio n i n 
the calcareou s sil t component . Thi s i s interprete d t o reflec t highe r content s o f finer-graine d 
coccoliths, whic h ar e mor e resistan t t o dissolutio n tha n th e large r foraminifera l fragment s (~10 -
63 u.m) . B y contrast , th e interglacia l mod e (1 ) i s characterized b y highe r benthi c foraminifera l 
913C value s an d b y generall y goo d carbonat e preservation . 
During th e Pleistocene , th e mos t pronounce d chang e occur s durin g th e mid-Pleistocen e clima -
te transition betwee n 1. 1 an d 0. 9 Ma . I t i s characterize d b y a  considerabl e decreas e i n bottom -
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gedeutet werde n kann . Ein e entsprechen d vermindert e 
vermutlich eine n weitere n positive n Ruckkopplungseffel -
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Mean-Werte (<1 2 urn ) i m sortierbare n Silt . Diese r Modu s 
bzw. wahren d de r fruhe n Abschmelzphase n auf . 
Die ausgepragteste n Verandunge n i n de r Stromungsint t 
den mi t de m erste n Auftrete n grofiere r Eisschild e iibe r 
bei etw a 2.7 5 M a sowi e i m Zuge de s mittelpleistozane n 
Ereignisse sin d mi t eine r drastische n Reduktio n i n de r 
trachtlichen Erhohun g i n de r Karbonatkorrosivita t atlant i 
Eiszeiten verbunden . Dies e Beobachtunge n werde n je v 
Eisschildaufbaus i n de r unmittelbare n Umgebun g de r Q i 
Langzeitvergleiche zwische n de n Bohrunge n au s de m v 
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Tiefenwasser- un d de m Zwischenwasserstockwer k sei t d€ 
bonaterhaltung i m Zeitabschnit t zwische n 3,4-2, 6 M a I* 
von untere m NAD W i m westliche n aquatoriale n Atlanti k 
arktisches Bodenwasse r (AABW) ) un d Zwischenwasser (e.g . Antarktische s Zwischenwasse r (AAIW ) 
und Obere s Nordatlantische s Tiefenwasse r (UNADW) ) untersucht . Al s indirekte s Maf i fu r di e 
Stromungseffizienz de r Wassermasse n liefern KomgroGenuntersuchunge n de r terrigene n Grob -
siltfraktion Hinweis e fu r di e Intensita t vo n Bodenstromungen . Anhan d de s Erhaltungszustande s 
planktonischer Foraminiferenschale n wurd e di e Karbonatkorrosivita t de r Wassermasse n abge -
schatzt, welch e i n hohe m Mafi e vo n ihre r C0 2 Konzentratio n abhangi g ist . 
Die Studie n wurde n a n ODP-Bohrunge n de r Ceara-Schwell e (Le g 154 , Sit e 92 7 un d Sit e 929) , 
welche au f halbe m Weg e zwische n de n Quellgebiete n beide r Tiefen - un d Zwischenwasserma -
ssen positionier t ist , un d i n der Karibi k a n ODP Bohrun g 99 9 i n ausgewahlte n Zeitintervalle n de r 
vergangenen -3, 5 M a durchgefuhrt . 
Fur da s Pleistoza n wurde n dre i unterschiedlich e Stadie n de r Zirkulatio n identifiziert : 
(1) De r interglazial e Modu s charakterisier t durc h eine n schnel l zirkulierende n LNAD W Strom , 
welcher eine n starke n ozeanische n Warmetranspor t zwische n de n polare n un d aquatoriale n 
Regionen aufrech t erhalt . Relati v grob e Mean-Wert e i m sortierbare n terrigene n Siltantei l deute n 
hier au f generel l hoh e Bodenstromungsgeschwindigkeiten . (2 ) De r glazial e Modus , geprag t 
durch generel l niedriger e Geschwindigkeite n de r Bodenstromunge n (feiner e Mean-Wert e i m 
sortierbaren Silt ) wa s au f eine  vermindert e Zirkulatio n de s LNADW-Stockwerk s hindeutet . Di e 
abgeschwachte Zirkulatio n durft e eine  drastisch e Verringerun g i m globale n meridionale n War -
meaustausch zu r Folg e gehab t haben , un d somi t i n eine r positive n Ruckkopplun g z u eine m 
verstarkten Eisschildaufba u gefuhr t haben . Ferne r werde n di e feinere n glaziale n Mean-Wert e 
von generel l schlechtere r Karbonaterhaltun g un d leichtere n 3 13C- Benthosforaminiferen-Werten 
begleitet, wa s al s Resulta t eine r erhohte n C0 2 Konzentratio n i n de n atlantische n Tiefenwasser n 
gedeutet werde n kann . Ein e entsprechen d vermindert e atmospharisch e C0 2 Konzentratio n ha t 
vermutlich eine n weitere n positive n Ruckkoppltingseffek t au f di e pleistozane n Abkuhlungsungs -
phasen ausgetibt . (3 ) Ei n volliges Aussetzen de s LNAD W Stromes , angezeig t duc h extre m fein e 
Mean-Werte (<1 2 urn ) i m sortierbare n Silt . Diese r Modu s trit t regelmafii g a n de n Terminatione n 
bzw. wahren d de r frtihe n Abschmelzphase n auf . 
Die ausgepragteste n Verandunge n i n de r Stromungsintensita t un d de r Karbonatkorrosivita t wer -
den mi t de m erste n Auftrete n groBere r Eisschild e ube r Skandinavien , N-Amerik a un d Gronlan d 
bei etw a 2.7 5 M a sowi e i m Zug e de s mittelpleistozane n Klimawechsel s (~ 1 Ma ) registriert . Beid e 
Ereignisse sin d mi t eine r drastische n Reduktio n i n de r Stromungsintensita t un d mi t eine r be -
trachtlichen Erhohun g i n de r Karbonatkorrosivita t atlantische r Tiefenwassermasse n wahren d de r 
Eiszeiten verbunden . Dies e Beobachtunge n werde n jeweil s al s Folg e eine r Intensivierun g de s 
Eisschildaufbaus i n de r unmittelbare n Umgebun g de r Quellgebiet e de s NAD W gedeutet . 
Langzeitvergleiche zwische n de n Bohrunge n au s de m westliche n aquatoriale n Atlanti k un d de r 
Karibik dokumentiere n di e gegensatzliche n Trend s i n de r Karbonaterhaltun g zwische n de m 
Tiefenwasser- un d de m Zwischenwasserstockwer k sei t de m spate n Pliozan . Allgemei n gut e Kar -
bonaterhaltung i m Zeitabschnit t zwische n 3,4-2, 6 M a kennzeichne t de n relati v gro&e n Einflu U 
von untere m NAD W i m westliche n aquatoriale n Atlanti k (Ceara-Schwelle , Sit e 927) . Ei n deutli -
V 
cher Wechse l zu  generel l schlechtere r Karbonaterhaltun g i n Glaziale n deute t hie r au f de n Be -
ginn de s sic h allmahlic h verringemde n Einflusse s vo n untere m NAD W ab etw a 2,7 5 M a mi t ein -
hergehender Verflachun g de r Lysoklin e i n de n Glaziale n hin . 
Demgegenuber offenbar t di e Bohrun g 99 9 i n de r Karibi k eine n generelie n Tren d z u bessere r 
Karbonaterhaltung sei t de m spate n Plioza n un d deute t dami t au f eine n starke r werdenden Ein -
strom vo n UNAD W ube r di e Passage n de r karibische n Schwellenfron t un d dami t au f ein e hoher e 
Aktivitat de r Zwischenwasserschleife . 
VI 
Part I : Introductio n 
Part I : Introductio n 
1.1 The influenc e o f deep- and surface-water circulatio n o n global climat e 
Heat transpor t vi a oceani c current s compensate s fo r abou t on e hal f o f th e difference s i n th e 
energy budge t betwee n low - an d high - latitud e region s tha t ar e cause d b y th e pole - to - equato r 
gradient o f incomin g sola r radiation . Broecke r e t al . (1985 ) an d Gordo n (1986 ) introduce d th e 
concept o f a  "globa l thermohalin e conveyo r belt " connectin g th e ocean s an d enablin g th e 
inter-oceanic an d meridiona l exchang e o f hea t an d salt . Th e conveyo r i s driven b y th e sinkin g 
of saline surfac e water s i n the norther n Nort h Atlantic , producin g th e Nort h Atlanti c Dee p Wate r 
(NADW) betwee n 6 0 an d 8 0 °N . Today, a  volum e o f abou t 1 5 S v o f NAD W (Ganachau d an d 
Wunsch, 2000 , 1  sverdrup=1015 m 3 s"1) enters the Atlantic Ocean , mainl y throug h th e Greenland -
Iceland-Scottland Ridg e a t 6 5 °N . The mai n bod y o f NAD W flows  via th e Dee p Wester n Boun -
dary Curren t (DWBC ) southwar d acros s th e equator , an d finall y join s th e Antarcti c Circumpola r 
Current (ACC , e.g. , Gordon, 1996) . Via the ACC, NADW i s contributed t o th e India n an d Pacifi c 
Oceans wher e i t flow s northwar d agai n t o th e equator . Upwellin g o f thes e col d dee p water s i n 
the equatoria l regio n o f th e India n Ocea n a t aroun d 5 0 ° N i n th e Nort h Pacifi c lead s t o a  rene -
wal ther e o f intermediat e an d surfac e waters . 
In the India n Ocea n th e intermediat e water s ris e t o a  depth o f severa l hundered  meters , an d flo w 
in par t southwestwar d aroun d th e Cap e o f Africa wher e the y ente r th e South  Atlanti c again . Th e 
remaining portio n merge s wit h th e AC C an d return s t o th e Sout h Atlantic throug h th e Drak e Pas -
sage. I n th e Pacifi c upwellin g region , intermediat e water s ris e t o th e uppermos t layers . Throug h 
the Indonesia n Sea s an d th e India n Ocea n thes e water s ar e agai n introduce d int o th e Sout h 
Atlantic gyre , whic h subsequentl y feed s th e Gul f Stream . Via th e Gul f Stream , the Nort h Atlanti c 
Drift, an d th e Norwegia n Curren t war m an d salin e surfac e water s ar e transporte d t o th e nort h 
where thei r margina l vortice s ar e deflecte d westwar d an d ar e injecte d int o th e formatio n are a o f 
NADW (Fig . 1) . Together, thes e waters accoun t fo r abou t 9 5 %  o f th e ~1 5 S v tha t leav e th e At -
lantic Ocea n vi a th e NADW . A  smal l additiona l amoun t (~0. 8 Sv ) i s derive d fro m th e Arcti c Sea s 
through th e Berin g Strai t (Ganachau d e t al. , 2000). 
The Atlanti c Ocea n play s a  ke y rol e i n th e maintenanc e an d efficienc y o f Globa l Thermohalin e 
Circulation (GTC ) becaus e i t i s only her e tha t th e productio n o f dee p water s occurs . Th e pro -
duction i s the resul t o f th e densit y differenc e betwee n th e wate r i n th e Atlanti c an d th e othe r 
oceans du e t o th e hig h sal t concentratio n o f th e Atlantic , whic h exceed s tha t o f th e Pacifi c an d 
Indian Ocean s b y a n averag e o f abou t 1  %o. For example , th e 2- 3 %o lower salinit y o f th e Nort h 
Pacific (a s compared t o th e Nort h Atlantic ) woul d b e to o lo w fo r th e formatio n o f dee p wate r 
even i f the surfac e wate r wer e coole d t o th e freezin g poin t ( ~ -1.8 °C) . Accordingly, th e salinit y 
difference betwee n th e Atlanti c Ocea n an d th e Pacifi c an d India n Ocean s i s a  crucia l facto r fo r 
the maintenanc e o f GTC . 
The Atlantic-Pacifi c salinit y differenc e result s fro m th e atmospheri c ne t expor t o f fres h wate r 
from th e Atlantic-Caribbea n basin s t o th e Pacifi c Ocean , which i s drive n b y majo r win d system s 
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Fig. 1:  Flow  paths  of  major  deep-water  currents  in  the  modern  Atlantic 
(modified after  Reid,  1996,  Sarnthein  et  al.,  1994,  Faugere  et  al.,  1993, 
Peterson and  Strammer,  1991):  AABB,  Antarctic  Bottom  Water;  AAIW, 
Antarctic Intermediate  Water;  ACC, Antarctic  Circumpolar  Current;  NADW, 
North Atlantic Deep  Water; UNADW, Upper  North Atlantic Deep Water. 
Surface currents  (hatched  arrows)  important  for  the  global  thermohaline 
circulation: AC,  Angola  Current;  BC, Brazil  Current;  BOC, Benguela Oceanic 
Current; GS,  Gulf  Stream;  NAD,  North  Atlantic  Drift;  NBC,  North  Brazil 
Current; NC  Norwegian  Current;  SAC,  South  Atlantic  Current;  SEC,  South 
Equatorial Current. 
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and th e continenta l orograph y (e.g. , Broecke r an d Denton , 1989) . Th e greates t los s of fres h wa-
ter i s accomplishe d b y th e tropica l trad e win d system , which carrie s abou t 0. 2 S v o f water - vapo r 
across th e narro w an d low-lyin g lan d bridg e o f Panam a (Broecke r an d Denton , 1989 , Weyl , 
1968). B y contrast , ther e i s n o simila r transpor t fro m th e India n Ocea n acros s th e Africa n conti -
nent. I n addition , th e impor t o f water - vapo r vi a th e Norther n Hemispher e wes t wind drif t i s blok -
ked b y th e barrie r o f th e Rock y Mountains , whil e comparativel y mor e water - vapo r i s delivere d 
across th e Eurasia n continen t t o th e Pacific . Th e resultin g ne t los s o f fresh wate r o f abou t 0. 4 S v 
(Broecker an d Denton , 1989 ) woul d lea d t o a  salinit y increas e i n th e Atlanti c Ocea n o f abou t 
1.4 % o withi n a  thousand year s i f no t compensated fo r b y the expor t o f highl y salin e NADW . 
One very importan t aspec t o f th e conveyo r i s the considerabl e amoun t o f hea t i t absorbs , carries , 
and release s t o th e atmosphere . Today , th e Norther n Hemispher e benefit s considerabl y fro m th e 
oceanic hea t transpor t a s i t receive s enormou s amount s o f heat . Base d o n hydrographi c dat a 
from th e Worl d Ocea n Circulatio n Experimen t (WOCE) , Ganachau d an d Wunsc h (2000 ) estima -
te an oceani c hea t releas e o f abou t 1. 7 P W ( 1 petawatt=1015 W) t o atmospher e nort h o f 25°N . 
As a resul t o f th e sinkin g o f surfac e water s i n th e norther n Nort h Atlanti c (maintainin g a  stron g 
undertow there) , salt y an d heat - bearin g surfac e current s fro m equatoria l region s ar e enable d t o 
push forward fa r t o th e north . As a  consequence, th e mai n par t o f the globa l oceani c meridiona l 
heat transport , occur s throug h th e Atlantic . Fo r example , Ganachau d an d Wunsc h (2000 ) esti -
mated a  northwar d hea t transpor t i n th e Nort h Atlanti c o f 0. 6 PW (zonall y integrate d a t 4 0 °N) . 
Model simulation s hav e suggeste d tha t change s i n th e rat e o f oceani c hea t transpor t ca n hav e a 
large impac t o n atmospheri c temperatur e an d pressur e gradients , an d thus , o n climat e (e.g. , 
Manabe an d Stouffer , 1988 , Marotzk e an d Ston e 1995) . 
1.2. Atlantic deep-wate r oceanograph y 
1.2.1. Production,  distribution  and  flow  paths of  Atlantic deep-water  masses 
Atlantic deep-wate r productio n i s concentrate d nea r th e norther n an d souther n pola r region s 
(Fig. 1) . The majo r NAD W productio n site s are locate d i n th e Norwegian-Greenlan d Se a (NGS ) 
where Lowe r NAD W (LNADW ) i s produced, and i n the Labrado r Se a wher e th e les s dense Uppe r 
NADW (UNADW) i s produce d befor e i t move s int o th e intermediat e Atlantic . Larg e amount s o f 
surface wate r mus t compensat e fo r th e deep - wate r expor t i n th e Atlantic , thu s enforcin g th e 
strong meridiona l northward - flowin g surfac e currents , includin g th e Gul f Stream , th e Nort h At -
lantic Drif t an d th e Norwegia n Current . Therefore , NAD W production ca n b e considere d a s the 
main drive r fo r th e GT C an d meridiona l hea t transfer . 
The deepes t region s o f th e Atlanti c ar e occupie d b y Antarcti c Botto m Wate r (AABW) , whic h 
flows northwar d acros s th e equato r an d partl y mixe s with LNADW . AABW i s a mixtur e o f Weddel l 
Sea Deep Water an d very ol d waters originatin g fro m th e Circumpola r Dee p Wate r (Reid , 1996 , 
Siedler e t al. , 1996) . Hence , sinc e n o significan t amount s o f surfac e wate r ar e involve d i n th e 
AABW formation , n o simila r meridiona l surface - curren t syste m heatin g th e Souther n Hemisphe -
re analogous t o th e Gul f Strea m ca n develop . Therefore , th e AABW i s o f onl y mino r importanc e 
for th e globa l oceani c hea t transfe r (Broecke r an d Denton , 1989) . 
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On thei r journey s acros s the equato r AAB W an d LNADW  fil l th e majo r Atlanti c Ocea n basin s 
(Fig. 1) . Influence d b y th e Corioli s Force , th e mai n stream s flow a s DWBC nea r th e continenta l 
slope i n th e wester n Atlantic . However , smal l amount s o f northern - an d southern - sourc e dee p 
waters ca n ente r th e easter n Atlanti c throug h th e Romanch e Fractur e Zon e (Fig . 1) . Today , tota l 
NADW productio n rate s amoun t t o -1 5 S v i n th e Nort h Atlantic . However , th e NAD W strea m 
increases a s a  resul t o f mixin g wit h southern - sourc e deep  water s t o 2 3 S v (Ganachau d an d 
Wunsch, 2000 ) befor e i t leave s th e Sout h Atlanti c a t 30° S an d merge s wit h th e ACC . 
The ACC i s the larges t curren t syte m on earth, transporting wate r a t a rat e o f 100-14 0 S v aroun d 
the Souther n Ocea n (Ganachau d an d Wunsch , 2000 , Ors i et a l 1995) . I t i s of grea t importanc e 
for th e GTC , a s i t provide s th e linkag e amon g th e world ocean s an d thus act s a s a mai n control -
ler fo r th e distributio n o f hea t an d sal t aroun d th e glob e (e.g. , Nowli n an d Klinck , 1986) . 
AABW formatio n ha s bee n estimate d a s about 2 1 Sv , produce d mostl y i n th e Weddel l Se a an d 
in the Ros s Se a (Ganachau d an d Wunsch , 2000) . Bottom - wate r inflo w t o th e South  Atlanti c a t 
30°S ha s bee n estimate d a t ~ 6 S v (Ganachau d an d Wunsch , 2000) . 
At intermediat e wate r depth s (>200 0 m ) th e Atlanti c i s occupied b y UNAD W and souther n sour -
ced water s (Antarcti c Intermediat e Water=AAIW) . Toda y a  mixtur e o f thes e wate r masse s pene -
trates throug h th e Caribbea n sil l fron t (1600-180 0 m ) an d occupie s th e dee p Caribbea n basin s 
(e.g., Hadda d an d Droxler , 1996 , d e Menocal , 1992) . 
12.2. Deep-water  physical  and  chemical  properties  and  their  potential  for  tracing  past  ocean 
circulation 
Due t o th e differen t initia l compositio n o f contributin g sourc e waters , northern - an d southern -
source deep - an d intermediat e wate r masse s ca n b e clearl y distinguishe d b y thei r chemica l 
properties. Becaus e o f th e significan t quantitie s o f surfac e water s i n th e sourc e region , NAD W is 
relatively war m an d saline . I t i s nutrient-depleted , 0 2-rich, an d i n lo w C0 2 content . Accordingly , 
NADW has high C0 32" concentration s (Fig . 2a ) an d (du e t o it s low nutrien t content ) th e isotopi c 
composition o f th e dissolve d C0 2 (XC0 2) i s marked b y hig h 13 C concentrations (Kroopnick , 1980) . 
As an olde r wate r mass , AABW i s 0 2-depleted, nutrient-rich , an d ha s hig h C0 2 concentrations . 
Accordingly, i t ha s lo w 8 13C values o f I C 0 2 an d du e t o it s hig h C0 2 concentration , i t i s for th e 
most par t undersaturate d wit h CO3 2" (Fig. 2b) . I n th e Atlanti c Ocean , th e relativel y war m NAD W 
overrides th e dense r AABW . Th e transitio n zon e betwee n th e tw o wate r masse s i s marked b y de -
creases i n temperature , salinity , 13 C concentratio n o f ZC0 2 an d C0 32" concentration s (Fi g 2a) . 
The differenc e i n th e chemistr y o f Atlanti c deep-wate r masse s has encouraged man y investiga -
tors t o appl y geochemica l proxie s fo r th e stud y o f pas t ocea n circulation . Tabl e 1  sketches som e 
deep-water propertie s tha t ar e importan t fo r tracin g pas t ocea n circulation . Change s i n carbona -
te preservatio n an d i n epibenthoni c foraminifera l 3 13C (recordin g th e 13 C composition o f bottom -
water C0 2) hav e bee n mos t ofte n use d fo r th e detectio n o f pas t variation s i n th e vertica l dept h 
distribution o f NAD W an d AAB W i n th e Atlanti c Ocea n (e.g. , Bicker t e t al. , 1997a,b , Curr y an d 
Cullen, 1997 , Culle n an d Curry , 1997 , Henric h e t al. , i n press , Tiedeman n an d Franz , 1997 , 
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Fig. 2: a) Vertical distribution of deep- and intermediate-water masses in the western 
Atlantic using  CO?  concentration (pmol/l)  calculated  from GEOSECS data after 
Bainbridge (1981). b)  Calcite cormsivness of deep water estimated from Delta CO? 
concentration (umol/l) calculated from GEOSECS data (Geosecs,  1999).  Today  the 
hydrographical calcite lysodine is linked to boundary between LNADW and AABW 
(e.g.Bickertetal., 1997,  Tiedemann  and Franz, 1997). AABW, Antarctic Bottom 
Water; AAIW, Antarctic Intermediate Water; NADW, North Atlantic Deep Water 
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Curry, 1996 , Sarnthei n e t al , 1994) . However , th e stabl e carbo n isotop e rati o ( 13C/12C) determine d 
in livin g benthoni c foraminifera l specie s ar e als o affecte d b y temperature , availabilit y o f nutri -
ents, respiratio n o f organi c carbon , an d carbonat e concentratio n (e.g. , Broecke r an d Peng , 
1982, Sper o e t al. , 1997 , Mackense n e t al. , 1993) . Bottom - wate r carbonate-io n concentratio n 
may b e influence d b y respiration - drive n carbonat e dissolutio n (e.g. , Emerso n an d Bender , 
1981). Additionally , th e Cd/C a an d Ba/C a elementa l ratio s ar e subjec t t o thermodynami c effect s 
(Boyle, 1988) . Mor e recently , neodymiu m an d lea d isotop e ratio s measure d i n ferromanganes e 
crusts grow n o n foraminife r shell s wer e successfull y applie d t o monito r change s i n Atlantic deep -
water circulatio n (e.g. , Rutber g e t al. , 2000, Aboucham i e t al. , 1999) . Thei r isotopi c compositi -
ons ar e relate d t o the radioactiv e deca y withi n th e continenta l crus t surroundin g th e sourc e re -
gions o f deepwater s an d i s no t subjec t t o modification s b y uptake , dissolution , respiratio n etc . 
(von Blankenburg , 1999) . 
Proxy 
13CofIC02 
[co32i 
Cd/Ca 
Ba/Ca 
n44Nd/14JNd 
2 0 7 p b / 2 0 6 p b 
NADW 
~1.1 %o* 
high 
low 
low 
e=-13.5 
** 
0.815 
AABW 
-0.3 %o* 
low 
high 
high 
e=-9.0 
0.830 * 
Reference 
Curry etal., 1988, 
Mackensen and Bickert, 1999 
Boyle, 1988, 
Martin and Lea, 1998 
Rutberg et al., 2000, v. Blankenburg, 1999 
O'Nionsetal., 1998, v. Blankenburg, 1999 
Table 1:  Deep-water properties  preserved  in  benthonic  foraminfera  shells. 
** 
Initial composition  of  deep  water.  Values  measured  in  ferromanganese 
crusts grown  on  benthic  foraminiferal  shells.  Citations  refer  to  studies  provi-
ding a  broader  discussion  of  the  applicability  of  the  respective proxies. 
However, physica l oceanographers , usin g hydrographica l dat a (e.g. , temperature , salinity , an d 
density) an d anthropogeni c tracers , suc h a s chloro-fluoro-carbons (CFC) , and tritium , wer e abl e 
to distinguis h si x differen t wate r layer s i n th e tropica l wester n Atlanti c (e.g. , Rhei n e t al. , 1998 , 
Rhein e t al. , 1996 , Rhei n e t al. , 1995) . Th e uppermos t laye r (1200-190 0 m ) consist s o f th e shal -
low uppe r NAD W (SUNADW), which presumabl y originate s fro m th e souther n Labrado r an d Ir -
minger Seas . This wate r mas s ca n b e clearl y distinguishe d fro m th e classica l Labrado r Se a wa -
ter (1900-240 0 m ) by it s hig h CF C concentrations . I n th e deep-wate r layer , a n olde r wate r mas s 
(LNADW-old, 2400-345 0 m ) wit h lo w CF C concentration s ca n b e distinguishe d fro m a  laye r wit h 
high CF C content s (Overflow-LNADW , 3450-390 0 m ) produce d presumabl y i n the NG S (Rhei n e t 
al., 1996) . Th e deepes t laye r i s the AABW , whic h i s characterized b y lowe r salinity , temperatur e 
and CF C (Rhei n e t al. , 1996) . Th e highe r CF C concentration s o f SUNAD W an d OLNAD W reflec t 
a mor e recen t renewa l o f thes e waters (Rhei n e t al. , 1996) , an d thus pointin g t o a  mor e efficien t 
production an d circulatio n a t present . 
For paleoceanographer s thes e result s sho w tha t deep-wate r circulatio n durin g th e pas t ma y hav e 
been subjec t t o a  muc h wide r rang e o f interaction s tha n previousl y believed . Furthermore , thi s 
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implies tha t pas t variation s i n deep-water  circulatio n canno t b e adequatel y describe d wit h mo -
dels usin g flat - terms lik e NAD W and AABW. 
1.3. The variability o f Atlantic deep - and intermediate - water circulatio n 
Since th e intensificatio n o f Norther n Hemispher e glaciatio n 2.7 5 m.y . ag o (e.g. , Thied e e t al. , 
1998, Janse n an d Sjoholm , 1991 , Shackleton e t al. , 1984 , Raym o e t al. , 1992 ) th e productio n 
of northern - source deep  water s an d hence , Atlanti c deep - wate r circulatio n i s strongl y linke d t o 
the glacial-interglacia l climati c cycle s (e.g . Henric h e t al. , i n press , Hau g an d Tiedemann , 
1998, Tiedeman n an d Franz , 1997 , Raym o e t al . 1990) . 
A diminishe d contributio n o f LNAD W to th e Atlanti c Ocea n basin s durin g glacia l period s ha s 
been suggeste d b y a  rapidl y growin g numbe r o f 313C and carbonat e preservatio n studies . Mos t o f 
these studies consistentl y indicate d a  shallowin g o f th e carbonat e lysoclin e an d th e stee p 313C 
gradients tha t mar k the transitio n zon e betwee n LNAD W and AAB W toda y (e.g. , Bicker t e t al. , 
1997a,b, Curr y an d Cullen , 1997 , Culle n an d Curry , 1997 , Henric h e t al. , i n press , Tiedeman n 
and Franz , 1997 , Curry , 199 6 Sarnthei n e t al , 199 4 Opp o e t al. , 1995 , Raym o e t al. , 1997 , 
Raymo e t al . 1990) . Thes e change s ar e commonl y explaine d b y vertica l redistribution s o f NAD W 
and AAB W controlle d b y varyin g productio n rate s o f NAD W (e.g . Bicker t e t al. , 1997a,b , Curr y 
and Cullen , 1997 , Culle n an d Curry , 1997 , Henric h e t al. , i n press , Tiedeman n an d Franz , 1997 , 
Curry, 199 6 Sarnthei n e t al , 1994 , Opp o e t al. , 1995 , Raym o e t al. , 1997 , Raym o e t al. , 1990) . 
A crucia l drawbac k o f al l geochemica l studie s is , however , tha t the y i n fac t principall y monito r 
past variations o f the relativ e deep-water  mas s proportion s o f norther n an d souther n dee p water s 
in th e wate r column . Therefore , the y ar e impracticabl e fo r th e estimatio n o f th e efficienc y (e.g. , 
the mea n geostrophi c flo w velocity ) wit h tha t thes e wate r masse s circulate. Fo r example , long -
term curren t mete r moorin g measurement s an d geostrophi c calculation s revea l th e highes t me -
an geostrophi c velocitie s i n th e DWB C to b e betwee n 1 0 an d 2 0 c m s" 1. (Schot t e t al. , 1993 , 
Molinari e t al. , 1992 ) i n th e equatoria l Atlantic . I t i s clear , tha t change s i n th e mea n velocit y 
may hav e a  larg e impac t o n th e mea n transpor t rate s o f th e GT C an d thu s ar e a  crucia l poin t 
concerning th e meridiona l hea t exchang e (e.g . Rhein , 1994) . Therefore , estimatin g th e effi -
ciency o f geostrophi c flo w durin g th e pas t woul d considerabl y improv e ou r knowledg e abou t th e 
linkage betwee n deep-ocea n circulatio n an d climat e (e.g . Berge r an d Wefer , 1996) . 
In this thesi s bot h th e chemica l an d physica l propertie s o f deep-wate r ar e considere d t o estimat e 
past change s i n deep - an d intermediate-wate r circulation . Variation s i n th e flu x o f northern - an d 
southern- sourc e deep - an d intermediate-wate r masse s t o th e Atlanti c Ocea n ar e hereb y inferre d 
from carbonat e preservatio n investigation s i n th e tropica l Atlanti c an d i n th e dee p Caribbean . 
Past change s i n the mea n geostrophic  flo w withi n th e cor e layer s o f AAB W an d LNAD W ar e in -
vestigated b y studyin g th e histor y o f bottom-current s intensit y inferre d fro m grain-siz e analysi s o f 
the terrigenou s sortabl e sil t fractio n (McCav e e t al. , 1995) . 
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1.4. Stud y are a an d cor e location s 
7.4.1 Western  equatorial  Atlantic 
For th e stud y o f deep-wate r circulation , Ocea n Drillin g Progra m (ODP ) Site s fro m th e Cear a Ris e 
depth transec t (Le g 154 ) i n th e Guyan a Basi n wer e selecte d (Fig . 3) . Th e wester n equatoria l 
Atlantic i s the mai n passag e fo r th e Atlanti c deep-waters , bundlin g the m int o narro w basin s bor -
dered b y th e Mi d Ocea n Ridg e (MOR ) an d th e South  America n Continenta l Margi n (SCM) . The -
refore, th e wester n tropica l Atlanti c i s a  ke y are a fo r studyin g bot h th e present-da y an d pas t 
deep-water mas s distributions an d th e geostrophi c flo w alon g th e DWB C (e.g . Bianch i e t al. , 
2001, Bicker t e t al. , 1997a,b , Curr y an d Cullen , 1997 , Hal l e t al. , 1997 , Tiedeman n an d Franz , 
1997, Curry , 1996 , Opp o e t al. , 1995 , Raym o e t al. , 1997 , Rhei n e t al. , 1996 , Schot t e t al. , 
1993). Locate d a t a  centra l positio n abou t hal f th e distanc e betwee n th e MO R an d th e SCM , 
the Cear a Ris e truncates the deep-wate r masse s belo w depth s o f ~3000  m . Wes t o f th e Ris e th e 
sloping topograph y betwee n th e Amazo n con e an d th e southwes t flan k o f th e Cear a Ris e serve s 
as a barrie r fo r water s belo w 425 0 m  (Whitehea d an d Worthington , 1982) . Becaus e o f thi s an d 
the strong  flo w o f LNADW , AAB W flo w i s restricted t o th e wes t o f th e Ris e (Rhei n e t al. , 1998 , 
Whitehead an d Worthington , 1982) . I n contrast , th e stron g flo w o f LNADW  has bee n trace d b y 
CFC o n bot h side s o f the Cear a Ris e (Rhei n e t al. , 1996). 
However, latera l an d vertica l fluctuation s i n th e paleo-positio n o f th e axi s o f th e fast-flowin g 
DWBC ma y hav e considerabl y influence d th e loca l bottom-curren t velocity , an d coul d hav e 
disturbed o r overprinte d th e physica l deep-wate r signa l relatin g t o rea l variation s i n th e GT C 
(Bianchi e t al. , 2001). Sinc e th e Cear a Ris e i s locate d a t a  positio n fa r remove d fro m th e axi s o f 
the DWBC , i t i s ideall y situate d fo r th e reconstructio n o f paleophysica l deep-wate r propertie s 
caused b y variation s i n GTC . 
Today, th e vertica l transitio n zon e fro m th e ne t souheastwar d flo w (LNADW ) t o th e ne t nor -
thwestward flo w (AABW ) i s locate d i n the dept h interva l betwee n 390 0 an d 4100 m  (Rhein e t al. , 
1998, Hal l e t all. , 1997) . Remarkably , thi s i s close t o th e AABW/LNAD W boundar y inferre d fro m 
geochemical data . Th e hydrographica l cacit e lysoclin e lie s a t aroun d 410 0 m  (Fig . 2b) , whic h 
is i n goo d agreemen t wit h th e foraminifera l lysoclin e i n th e tropica l Atlanti c (410 0 m ) reporte d 
by Culle n an d Curry , 1997 1. Furthermore , GEOSEC S dat a (Kroopnick , 1980 ) revea l stronges t 
gradients d 13C of XC0 2 a t around 400 0 m . All these facts considered , i t i s reasonabl e t o conside r 
the AABW/LNADW boundar y a t around 400 0 m  in the stud y area . 
Drilled i n ~330 0 m  o water i n the Guyan a Basin , ODP Sit e 92 7 i s positione d wel l within th e cor e 
of southeastward flowin g LNAD W (e.g . Rhei n e t al. , 1996 , Schot t e t al. , 1993 , Molinari , 1992) . 
Site 929 , th e deepes t sit e recovere d durin g Le g 154 , wa s drille d a t a  wate r dept h ~430 0 m , 
which lie s wel l withi n th e northwestward-flowin g AAB W laye r (e.g. , Hal l e t al. , 1997 , Rhei n e t al. , 
1998, Rhei n e t al. , 1996) . 
Geostrophic calculation s reveale d a  tota l o f -1 3 S v o f LNAD W (3100-410 0 m  o r 1.8°-2.4°C ) arri -
ving northwes t o f th e Cear a Ris e (Mollinar i e t al. , 1992 , Spee r an d McCartney , 1991) . Whil e 
small volume s recirculat e i t was estimate d tha t th e mai n shar e o f thes e water s ( 7 Sv ) passe s the 
level where a  maximum rat e of change i n their foraminifera l preservatio n inde x (=fragmentatio n o f planktoni c 
foraminifers) occur s 
8 
929 
(-4400 m) 
Fig. 3: Map showing the Guyana basin and the location of investigated ODP sites on the northeastern flank of the 
Ceara Rise. Deep water hydrography refers to Rhein et al., 1998, Rhein et al., 1996,  and  Hall et al., 1997.  Due to 
the sloping topography  between the Amazon cone and the Ceara Rise most of  LNADW  passes northeast  of  the 
Ceara Rise through the Guyana Basin; the deeper AABW is restricted on the northwestern side . 
CO 
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Ceara Ris e a t it s northeaster n flan k (Fig . 3 , Rhei n e t al. , 1996 , Schot t e t al. , 1993) . Thes e esti -
mations indicat e tha t considerabl e amount s o f LNADW  are als o deflecte d eastwar d b y th e nar -
rowing topograph y betwee n th e Amazo n con e an d th e Cear a Rise . 
Current-meter moorin g profile s deploye d a t 44°W o n th e continenta l margi n wes t o f th e Amazo n 
Fan reveale d maxima l mea n southeasterl y flo w velocitie s i n th e UNAD W and LNADW  cores o f 
30 an d 1 5 cm s" 1 respectivel y (Schot t e t al. , 1993) . 
For th e AAB W laye r a n inflo w o f abou t 2.0-2. 6 S v throug h th e souther n equatoria l channe l int o 
the Guyan a Basi n was estimate d from a  moore d arra y nea r th e equato r an d als o deduce d fro m 
mass balanc e consideration s (Hal l e t al. , 1997 , Rhei n e t al. , 1998 , Rhei n e t al. , 1996 , Rhei n e t 
al., 1995) . Combine d hydrographi c trace r data , an d directl y measure d velocit y profile s reveale d 
a tota l o f 1.9-2. 2 S v AAB W passin g throug h th e Guyan a Basi n northeas t o f th e Cear a Ris e whil e 
the res t recirculate s (Rhei n e t al. , 1998) . 
The Cear a Ris e sediment s consis t mainl y o f calcareou s planktoni c foraminifer a an d thei r frag -
ments, nannofossi l ooz e an d variou s amount s o f terrigenou s material . Biogeni c opa l conten t i s 
low an d doe s no t ecxeed 1  % (Curry e t al. , 1995) . Mos t o f th e fin e terrigenou s sedimen t deposi -
ted o n th e Cear a Ris e originate s fro m th e nearb y Amazo n River . It s transpor t i s controlle d b y 
interactions betwee n th e Amazo n freshwate r plum e an d th e equatoria l surface-curren t syste m 
(Ruhlemann e t al. , 2001) . Therefore , during  th e pas t 38 0 k.y . th e terrigenou s sedimen t suppl y 
varied wit h a  strong 2 3 k.y . precessiona l periodicity , an d was dependen t o n bot h th e distanc e o f 
the Amazo n Rive r mout h t o th e shel f edg e and the flo w directio n o f th e Amazo n freshwate r plu -
me (Ruhleman n e t al. , 2001 , Tiedemann e t al. , 1997) . Ruhleman n e t al . (2001 ) propose d tha t 
during colde r climati c stage s th e Nort h Brazi l Curren t retroflectio n wa s strengthened , resultin g i n 
a mor e vigorou s eastwar d flo w o f surface waters. 
1.4.2. Caribbean 
In thi s thesis , change s i n th e intermediat e wate r laye r ar e interprete d base d o n carbonat e pre -
servation investigations . Figur e 2 a illustrate s tha t bot h AAI W an d AAB W hav e relativel y lo w car -
bonate-ion contents . Becaus e AAI W i s at muc h shallowe r depth s i n th e Atlanti c Ocean , howe -
ver, undersaturatio n wit h respec t t o calcit e i s attained onl y i n th e AAB W laye r (Fig . 2b) . Thi s i s 
because a t th e firs t orde r th e solubilit y o f calcit e increase s wit h increasin g wate r pressure , an d 
so, th e AAI W dissolve s onl y aragonite . Accordingly , pas t changes i n th e carbonate-io n concen -
tration i n th e intermediat e Atlanti c ca n b e wel l characterize d b y investigatin g th e preservatio n 
of aragoniti c pteropo d shell s (e.g . Gerhard an d Henrich , 2001) . 
However, sinc e th e abyssa l plain s o f the Caribbea n basin s ar e occupie d b y Atlanti c intermediat e 
water masse s (u p t o 500 0 m  waterdepth) , thi s i s an i s an idea l regio n fo r studyin g change s i n 
Atlantic intermediat e wate r circulatio n employin g th e preservatio n o f calciti c shell s (e.g. , plank -
tonic foraminifera , se e manuscrip t 2  i n Par t II , Volbers an d Henrich , i n press , Hau g e t al. , 1998 , 
Haddad an d Droxler , 1996 , Droxle r e t al. , 1991) . 
In this thesis , we focu s o n pas t changes i n the relativ e proportion s o f AAIW an d UNAD W enterin g 
the dee p Caribbean . Fo r thi s purpose , sedimen t core s fro m OD P Sit e 99 9 (Le g 165) , locate d a t 
-2800 m  waterdepth i n the Colombia n Basi n (12°45'N , 78°44'W ) wer e examine d (manuscrip t 3) . 
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Hole 999 A recovere d a  continuou s turbidite-fre e Pliocene-Pleistocen e section , recordin g th e 
deep-water chemica l an d physica l histor y o f th e wester n Caribbea n (Sigurdsso n e t al. , 1996) . 
Site 99 9 core s consis t predominantl y o f nannofossi l claye y mixe d sediment s wit h foraminifer s 
and lo w disperse d as h conten t (Sigurdsso n e t a. , 1996) . Biogeni c opa l i s negligible . Th e terrige -
nous materia l originate s mainly  fro m th e Ande s supplie d b y th e Magdalen a Rive r sedimen t di -
scharge an d (Peter s e t al. , 2000). 
2. Methodica l approac h an d laborator y analyse s 
The method s an d laborator y procedure s employe d i n thi s stud y ar e describe d i n detai l i n th e 
respective manuscripts . A n analytica l flo w char t fo r al l th e method s use d i n thi s thesi s i s presen -
ted i n Fig . 4 . I n general , change s i n deep-wate r chemistr y (her e use d t o infe r variation s i n th e 
contribution o f northern - and southern - source wate r masse s to the Atlanti c Ocean ) ar e reflecte d 
by carbonat e chemistr y an d 3 13C concentratio n i n benthoni c foraminifera . Variation s i n th e phy -
sical flo w characteristic s o f deep  water s are inferre d fro m sil t textur e characteristic s whic h ar e 
sensitive t o variation s i n the strengt h o f bottom-curren t flo w (se e below , McCav e e t al. , 1995) . 
2.1. Deep-water  carbonate  chemistry 
Changes i n deep-wate r carbonat e chemistr y wer e estimate d b y bul k sedimen t parameter s (e.g. , 
% CaC03, %  >63 u. m fraction) , an d b y examinin g th e fragmentatio n o f planktoni c foraminifera l 
shells. Th e us e o f the latte r paramete r i s based o n th e weakenin g an d breakag e o f foraminifera l 
shells wit h progressiv e dissolution , whic h lead s t o a n enrichmen t o f foraminifera l fragment s i n 
the >63u. m fractio n an d henc e t o a  mas s transfer fro m coarse r t o fine r fraction s (Berge r e t al. , 
1982). However , th e us e o f bul k carbonat e an d san d conten t ha s to b e considere d wit h caution , 
because bot h o f thes e parameter s ar e strongl y influence d b y variation s i n th e rati o betwee n 
nannofossils (e.g. , coccolithophores ) an d othe r microfossil s (e.g. , foraminifera) , an d b y th e 
amount o f dilutio n b y non-CaC0 3 material . I n manuscrip t 3  a  ne w proxy , generate d fro m th e 
grain-size distributio n o f th e calcareou s sil t componen t i s introduced tha t i s mor e independen t 
of thes e disturbin g influences . A  detaine d overvie w o f well-establishe d carbonat e preservatio n 
proxies i s given i n Volbers an d Henric h (i n press ) an d Ditter t e t al . (1999) . 
Bulk sedimen t carbonat e content s wa s determine d wit h a  Lec o C S 30 0 infrare d elementa l ana -
lyser. Th e procedur e include s th e determinatio n o f TC (=Tota l Carbon ) an d TO C (Tota l Organi c 
Carbon) content s i n a  homogenize d subsample . Calciu m carbonat e conten t wa s then calcula -
ted b y 
CaC03 wt.-%=(TC wt.-%-TOC wt.-%)*8.33 
The bul k san d conten t wa s determine d b y washin g abou t 2 0 cm 3 of bul k sedimen t ove r a  6 3 u. m 
sieve an d i s given i n wt.- % o f bul k sediment . Furthe r descriptio n o f analytica l an d laborator y 
procedures i s provide d i n al l thre e manuscripts  i n Par t 2. 
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2.2. Stable  carbon  and  oxygen-isotope  chemistry  and  stratigraphy 
All benthoni c (C . wuellerstorfi)  3 13C and 3 180 proxy record s an d depth-ag e model s fo r OD P Site s 
927 an d 92 9 ar e take n fro m Bicker t e t al . (1997b) . Stratigraphica l framewor k fo r OD P Sit e 99 9 
has bee n provide d b y Hau g an d Tiedeman n (1998 ) an d Sigurdsso n e t al . (1996) . 
2.3. Inference  of  paleo-bottom-current intensity  from  silt-grain size  analysis 
Figure 5  illustrate s th e effec t o f bottom-curren t induce d sedimen t sortin g o n th e siz e distributio n 
of sedimen t deposte d o n th e Nov a Scotia n Ris e (McCave , 1985) . 
Fig. 5: Grain-size distributions of 
sediment from  the Nova Scotian 
Rise, deposited  after  a)  weak 
currents at  4800  m  waterdepth, 
b) moderate currents  at  4000 m 
and c) strong currents at 4800 m 
(after McCave, 1985). 
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Significant sortin g effect s becom e apparen t unde r moderat e an d stron g bottom-curren t conditi -
ons. With increasin g curren t velocit y sedimen t sortin g become s better , an d progressivel y bette r 
defined moda l value s ar e displace d towar d th e coarse r en d o f th e spectrum . Becaus e sedimen t 
particles becom e mor e cohesiv e wit h decreasin g diameter , thos e fine r tha n -1 0 u m ma y b e 
transported a s aggregates i n th e viscou s sublaye r (McCav e e t al. , 1995) . Th e implication s ar e 
that (1 ) th e critica l be d shea r stres s fo r particl e erosio n increase s progressivel y belo w 1 0 u.m , an d 
(2) botto m current s d o no t sor t sedimen t fine r than 1 0 u.m . Thus, onl y the >1 0 u.m fraction i s con -
sidered fo r th e inferenc e o f botto m curren t induce d sedimen t sortin g (McCav e e t al. , 1995) . 
To evaluat e th e limitation s o f grain-siz e base d interpretation s o f bottom-curren t intensit y th e 
dynamical origi n o f geostrophi c current s mus t b e enquired . Sortin g occur s primaril y b y repeate d 
resuspension an d depositio n o f sedimen t (McCav e e t al. , 1995) . Th e shea r velocit y tha t work s 
within th e turbulen t botto m boundar y laye r i s relate d t o th e geostrophi c velocit y abov e i t by : 
Vgeostr. =30uShear to 22u shear depending o n a  dra g coefficien t (McCav e e t al. , 1995 ) tha t relate s 
mainly t o botto m roughnes s an d th e corioli s paramete r (Weatherly , 1972) . 
It i s no t possible , however , t o actuall y defin e a  relationshi p betwee n mea n silt-siz e parameter s 
and paleobottom-curren t velocity . Th e reaso n lie s i n th e dynami c origi n o f geostrophi c currents . 
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mean speed=14.3 cm s'1 
u crit 
Hatton Drif t 
3130 m 
Nova Scotian Rise 
4800 m 
Fig. 6.  Time  series of  deep  ocean  currents  measured  near  bed  from  the  Hat-
ton Drift  and  the  Nova  Scotian  Rise  (modified  after  McCave  et  al.  1995).  Data 
from the  Nova  Scotian  Rise  refer  to  High  Energy  Benthic  Boundary  Layer  ex-
periment (HEBBLE  site,  Gross  et  al.,  1991).  Uem.  indicates  flow  speed  where 
the critical  erosion  shear  stress  in  the  turbulent  boundary  layer  is  being  at-
tained for  particles of  a  given diameter. 
Figure 6  show s tha t deep-ocea n current s ma y b e subjec t t o dail y t o weekl y high-amplitud e 
fluctuations i n flo w speed . Accordingly , sedimen t sortin g i s the resul t o f a  tim e integrate d functi -
on o f curren t velocit y (McCav e e t al. , 1995) . Actually , i t i s no t possibl e t o determin e whethe r a 
change i n th e mea n particl e siz e i s the produc t o f variation s i n mea n spee d o r o f variation s i n 
the frequenc y and/o r amplitud e o f curren t velocit y (McCav e e t al. , 1995) . Presently , thi s limit s 
interpretations o f grain-siz e relate d botto m flo w parameter s t o comparison s o f trend s i n relativ e 
bottom-current intensit y rathe r tha n permittin g absolut e estimate s o f curren t speed . 
Despite th e ambiguou s natur e o f silt-siz e base d current-spee d parameters , however , a  ne w stud y 
has develope d a  reliabl e empirica l calibratio n a t distinc t transect s i n easter n an d wester n Atlan -
tic Ocea n basin s (Fren z an d Henrich , i n prep.) . 
2.3.1. Grain-size  measurements 
In thi s thesi s bot h th e lithogeni c (carbonate-free ) an d biogeni c sil t component s hav e bee n inve -
stigated followin g th e standar d techniqu e o f McCav e e t al . (1995) . Afte r separatin g th e san d 
fraction (>6 3 |j.m ) b y wet sievin g th e cla y fraction s (< 2 u.m) was remove d accorin g t o Stokes ' la w 
using Atterber g settlin g tube s (Fig . 4). A  detaile d grain-siz e analysi s o f the extracte d bul k sil t wa s 
performed wit h a  Micromeritic s SediGrap h 5100 . Th e SediGrap h determine s th e particle-siz e 
distribution fro m a  dispersed suspensio n i n an analysis cell , assumin g Stake' s settling . A  detaile d 
description o f th e measuremen t principl e i s give n b y Stei n (1985) . Th e particl e siz e i s expresse d 
in diameter s o f equivalen t settlin g velocit y an d i s calculate d as : 
d= [ (18 * r f v ) / ( (D r D 2 ) *g ) ] - 0 5 ,  where 
r) =viskosit y o f the settlin g liqui d (0.707 3 c p for wate r a t 36.3°C ) 
v =settlin g velocit y 
Di =particl e densit y (se t a t 2.65 fo r quartz ) 
D2 =liqui d densit y (0.993 6 g/c c fo r wate r a t 36.3°C ) 
g =acceleratio n b y gravit y (98 2 cm/s 2) 
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After th e firs t ru n measurin g th e bul k sil t th e sampl e wa s treated wit h -12 % HC I to remov e th e 
carbonate. I n a  secon d ru n th e grain-siz e distributio n o f the terrigenous (lithogenic , sinc e bioge -
nic opa l i s absent ) sil t wa s determined . The grain-siz e distributio n o f the calcareou s sil t /(d)carbonate 
is given b y th e differenc e o f th e siz e distributio n o f th e bul k sil t (/(d) buik sat) minus (1-C ) times th e 
size distributio n o f the lithogeni c residu e (/(d)i ith0genicsiit) the formular : 
/(d)carbonate=/(d)bulk silt-(1-C)(/(d)|ithogenic silt (McCav e e t al . 1995) , 
where C  i s the percentag e o f carbonat e i n the bul k silt . 
Further descriptio n o f th e analytica l an d laborator y procedure s i s provide d i n al l thre e ma -
nuscripts i n Par t II . Th e standar d method s employe d fo r thes e sedimentologica l determination s 
and thei r analytica l error s are discusse d i n detai l b y McCav e e t al . (1995 ) an d Bianch i e t al . 
(1999). 
Previous studie s employin g sil t analysi s fo r paleoceanographi c interpretation s hav e focuse d 
mostly o n the terrigenous sil t component , providin g a  sensitiv e too l fo r th e inferenc e o f distinc t 
environmental an d oceanographi c depositional-regime s (fo r example , sedimen t transpor t b y ic e 
or wind, bottom-curren t induce d sedimen t sorting , turbidit y currents , etc.) . Th e calcareou s sil t 
component wa s exlcude d i n mos t consideration s becaus e o f th e know n uncertainitie s relatin g t o 
the ecologica l an d biologica l aspect s o f calcifyin g organisms . However , i n manuscrip t 1 , i n Par t 
II of this thesis , grain-size distribution s generate d fro m th e calcareou s fractio n wer e successfull y 
applied fo r distiguishin g betwee n th e smalle r nannofossi l placolith s an d large r juvenil e foramini -
fers and foraminifera l fragments . A t th e Cear a Rise , variations i n th e rati o o f thes e tw o compo -
nents ar e cause d mainl y b y selectiv e dissolutio n (se e manuscrip t 1  fo r a  detaile d discussion) . 
These result s sho w tha t detaile d grain-siz e analyse s o f th e calcareou s sil t fractio n ma y hav e a 
great potentia l fo r rapi d investigation s o f size-differentiate d specimen s (fo r exampl e coccblito -
phores) i n deep-sea sediments . 
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Part II Publication s 
Part I I of this thesis consist s of three researc h paper s tha t contribut e t o internationa l activitie s i n 
research, addressin g th e Pliocene-Pleistocen e histor y o f deep - an d intermediate-wate r circula -
tion. Th e firs t pape r investigate s th e histor y o f curren t strengt h an d carbonat e preservatio n a t 
glacial-interglacial time-scale s i n th e wester n equatoria l Atlanti c a t OD P Sit e 927 . Th e secon d 
paper focuse s o n long-ter m change s durin g th e Pliocene-Pleistocen e histor y o f LNAD W an d 
UNADW circulation . Th e third  manuscrip t provide s a  dept h transec t study , comparin g th e evolu -
tion o f bottom-curren t strengt h an d chemistr y a t deep - an d intermediat e wate r level s o n th e 
Ceara Ris e dept h transect . Al l paper s ar e submitte d t o internationa l journals . Thei r conten t ar e 
briefly describe d below . 
(1) Glacial-interglacia l variabilt y an d long-ter m changes i n the lowe r circulation loo p o f Nort h 
Atlantic Dee p Water: Inferenc e fro m sil t grain-siz e analysi s an d carbonat e preservatio n stu -
dies a t Cear a Rise , western equatoria l Atlantic . Groger , M. , Henrich , R. , an d Bickert , T . (Subm . 
to Mar . Geol. ) 
In th e firs t paper , glacial-interglacia l change s i n deep-wate r circulatio n wer e investigate d a t th e 
Ceara Ris e for th e early - t o mid-Brunhe s epoc h (0.8-0. 3 Ma) . Fo r thi s purpos e proxie s fo r deep -
water chemistr y (benthi c foraminifera l 3 13C, carbonat e preservation ) an d bottom-curren t intensit y 
(mean grain-siz e o f th e 10-6 3 ur n fraction ) wer e employed . Sil t grain-siz e analysi s ha s bee n 
applied successfull y i n previou s studies , bu t almos t exclusivel y o n sedimentar y drift s i n th e nort -
hern Nort h Atlantic . There , th e bottom-curren t strengt h i s primaril y controlle d b y th e strengt h o f 
vertical dee p convection , whic h i s driven b y th e densit y contras t betwee n th e overlyin g wate r 
masses. 
In thi s paper , fo r th e firs t time , direc t sedimentologica l evidenc e fo r considerabl e variation s i n 
LNADW circulatio n i s presente d a t a  locatio n aproximatel y 15,00 0 k m downcurren t fro m th e 
production area . Excellen t covariatio n betwee n geochemica l an d sedimentologica l proxie s wa s 
found. Durin g glacia l periods , lo w benthi c 3 13C values an d poo r preservatio n o f planktoni c fora -
miniferal shell s indicat e a  reduce d LNAD W flu x t o th e tropica l wester n Atlantic . Fine r grai n size s 
indicate weake r botto m current-intensit y i n th e LNADW , thu s pointin g t o considerabl y reduce d 
transfer rate s o f hea t an d sal t i n the glacia l GTC . 
A secon d aspec t focuse s o n th e effec t tha t intens e carbonat e dissolutio n ha s o n th e particle-siz e 
distribution o f th e calcareou s sil t (2-6 3 urn) . Previou s studie s comparin g coccolith s an d foramini -
feral fragment s (th e mai n contributor s t o th e calcareou s silt ) hav e indicate d larg e difference s i n 
their resistenc e t o dissolution . Th e tw o component s ca n b e easil y distinguishe d i n grain-siz e 
distributions, allowin g th e introductio n o f th e wt.- % o f 10-6 3 ur n particle s i n the overal l calca -
reous sil t (2-6 3 urn ) as a  prox y fo r estimatin g carbonat e dissolution . This prox y i s independen t o f 
dilution b y non-CaC0 3 particle s becaus e onl y th e calcareou s sil t i s considered. Sinc e particle s 
finer tha n 6 3 ur n offe r a  large r surfac e are a fo r corrosiv e water s than large r an d mor e massiv e 
particles, th e ne w prox y i s mor e sensitiv e t o dissolutio n tha n othe r conventiona l proxie s (e.g. , wt. -
% o f sand , foraminifera l fragmentatio n indices) . 
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(2) Variability o f silt grain size and planktonic foraminifera l preservatio n i n Plio / Pleistocen e 
sediments from the western equatoria l Atlantic (OD P site 927) and Caribbean (OD P Sit e 999) : 
Implications fo r the histor y o f Atlantic Dee p an d Intermediat e Wate r circulation . Groger , M. , 
Henrich, R. , an d Bickert , T . (Subm . t o Palaeogeogr. , Palaeoclimat. , Palaeoecol.) . 
An importan t featur e o f Quaternar y climat e evolutio n i s that th e Earth' s climat e syste m ha s ofte n 
jumped fro m on e mod e o f operatio n t o a n other , thereb y substantiall y influencin g substantiall y 
ocean circulation . Addressin g thes e larg e impacts , th e secon d manuscrip t consider s th e Plioce -
ne-Pleistocene evolutio n o f deep - an d intermediate-wate r circulatio n i n th e Atlanti c Ocea n an d 
Caribbean Sea . I n particular , tw o period s o f fundamenta l climati c chang e ar e addressed : th e 
initiation o f large-scal e norther n hemispher e glaciatio n a t ~2.7 5 Ma , an d th e mid-Pleistocen e 
climatic transitio n (MPT ) centere d aroun d 1  Ma . Mos t shift s observe d i n th e tropica l wester n 
Atlantic ar e probabl y linke d t o climati c an d oceanographi c change s i n th e sourc e region s o f 
Nordic dee p an d intermediat e water , e.g. , th e norther n Nort h Atlanti c an d th e Norwegian -
Greenland-Sea. Th e mos t substantia l chang e i s registere d contemporanousl y wit h th e intro -
duction o f large-scal e continenta l ic e shield s i n th e Norther n Hemispher e a t 2.7 5 Ma . A t sit e 
927 a  drasti c decreas e i n carbonat e preservatio n an d a  considerabl e reductio n o f bottom -
current intensit y durin g glacia l period s i s observed . A  simila r decreas e i n carbonat e preservatio n 
and bottom-curren t intensit y occur s wit h th e transitio n fro m th e mor e modes t ic e shield s befor e 
the MP T t o th e large-scal e ic e shield s thereafter . Thes e observation s portra y a  stepwis e wea -
kening o f LNADW circulatio n fro m th e mid-Pliocen e t o th e Pleistocene . I n contrast , a n increa -
sing contribution o f UNAD W t o the Atlanti c Ocea n basin s fro m th e Pliocen e t o th e Pleistocen e 
intervals ca n b e inferre d fro m carbonat e preservatio n studie s a t OD P sit e 99 9 i n th e Caribbean . 
The observe d asymmetr y i n carbonat e preservatio n betwee n th e dee p Atlanti c an d dee p Carib -
bean support s th e ide a o f a  flip-flo p mechanis m switchin g th e Nordi c deep-wate r productio n 
between mode s o f stronge r intermediate-wate r (UNADW ) an d dense r deep-wate r productio n 
(LNADW). 
(3) Deep-water circulatio n durin g the Pleistocene (0.8-0.2 5 Ma) : inference s fro m nea r bottom -
current flow variability an d dee p wate r chemistr y i n the wester n equatoria l Atlantic . Groger , 
M., an d Henrich , R. , (Subm . t o Paleoceanography) . 
The third  manuscrip t involve s a  high-resolutio n multiparamete r comparativ e stud y investigatin g 
the LNADW flow a t sit e 92 7 (-3300 m ) and th e AAB W flo w a t sit e 92 9 (-440 0 m) . Th e tw o site s 
exhibit a  simila r histor y o f deep-wate r chemistr y (9 13C, carbonat e preservation ) i n term s o f th e 
frequency an d tren d o f observe d changes . B y contrast , larg e inter-sit e difference s i n bottom -
current intensit y ar e inferre d fro m sil t grain-siz e analysis . Spectra l analysi s reveal s tha t deep -
water chemistr y a t bot h site s an d bottom-curren t intensit y a t the LNAD W sit e varie d wit h a  stron g 
100 k.y . periodicity , wherea s bottom-curren t intensit y a t the AABW sit e varie d wit h a  4 1 k.y . peri -
odicity. Thi s indicates , tha t variation s i n th e quantit y an d qualit y o f LNAD W productio n ma y 
influence no t onl y th e deep-wate r chemistr y withi n th e LNADW  layer , bu t synchronousl y tha t o f 
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the AABW . I t i s propose d tha t change s i n the contributio n o f LNAD W to th e Antarcti c Circumpo -
lar Curren t wil l influenc e th e chemica l propertie s o f th e sourc e wate r fo r AAB W (e.g. , th e 
Circumpolar Dee p Wate r an d th e Weddel l Se a Dee p Water) . However , cross-spectra l analysi s 
reveals tha t change s i n bottom-curren t intensit y a t th e LNAD W sit e 92 7 la g thos e i n ic e volum e 
and deep-wate r chemistr y b y abou t ~ 8 k.y . a t th e Earth' s eccentricit y frequenc y band . Th e diffe -
rent phasin g betwee n deep-wate r chemistr y an d bottom-curren t dynamic s wit h respec t t o ic e 
volume ma y reflec t a  la g tim e betwee n wate r mas s reconfiguration s o f LNAD W an d AAB W i n th e 
water column , an d subsequen t change s i n the flo w velocit y o f LNAD W i n respons e t o change s i n 
NADW production . 
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Glacial-lnterglacial variability and long-term changes in the lower circulatio n 
loop of North Atlantic Dee p Water: Inference from sil t grain-size analysis an d 
carbonate preservatio n studies at Ceara Rise, western equatorial Atlanti c 
M. Groger, R. Henrich & T. Bickert 
University o f Bremen , Faculty of Geosciences, Klagenfurter Str . D-28334 Bremen, 
mgroeger@uni-bremen.de 
Abstract 
In this study , grain-siz e record s o f the terrigenous an d biogeni c sil t fractio n an d th e preservatio n 
of planktoni c foraminifer s hav e bee n produce d an d investigate d a t OD P Sit e 92 7 o n Cear a Ris e 
(5°27.7'N, 44°28.8'W ) comprisin g th e tim e interva l fro m 0. 8 t o 0. 3 Ma . I n a  multiparamete r ap -
proach, supplemente d b y benthi c foraminifera l stable-istop e dat a (3 13C, 3180 o f C.  wuellerstorfi) 
from Bicker t e t al . (1997b) , we monito r variation s i n th e histor y o f bottom-curren t strength , venti -
lation, an d carbonat e corrosivenes s o f dee p waters , al l o f whic h ar e induce d b y th e 
glacial/interglacial climat e variability . 
Our result s provid e evidenc e fo r stronge r circulatio n i n th e lowe r NAD W circulation loo p durin g 
interglacials an d a  well-ventilate d deep  water-mass , indicatin g th e predominanc e o f lowe r Nort h 
Atlantic Dee p Wate r (LNADW ) i n th e wester n equatoria l Atlantic . I n contras t t o thi s interglacia l 
situation, th e glacia l period s exhibi t a  considerabl y weakene d circulatio n i n th e lowe r NAD W 
loop an d th e presenc e o f a n older , les s ventilated an d mor e corrosiv e dee p wate r mas s with re -
spect t o carbonate . Th e observe d patter n i s relate d t o change s i n th e relativ e flu x o f uppe r ver -
sus lower NAD W t o the tota l expor t o f norther n dee p waters t o the Souther n Ocean . 
Most o f th e strikin g change s i n botto m curren t speed , inferre d fro m th e mea n grai n siz e o f th e 
sortable sil t (10-63u.m) , occu r during  glacia l t o interglacia l transitions . Lowes t velocitie s ar e ob -
served nea r th e en d o f glacials ^ (terminations), an d thes e wer e followe d b y a  shif t t o ver y hig h 
current speed s durin g th e deglaciatio n phase . A  contemporaneous shif t t o ver y hig h 3 13C values 
indicates a  considerabl e refreshmen t o f deep  waters . 
A long-term tren d towar d generall y poore r carbonat e preservatio n an d highe r variabilit y afte r th e 
onset o f glacia l stag e 12 , coincide s wit h a  globa l decreas e i n carbonat e preservation , a s docu-
mented b y studie s fro m othe r regions . I n th e wester n equatoria l Atlantic , thi s phenomeno n i s 
recognized durin g isotop e stage s 1 2 and 1 0 an d migh t b e interprete d a s a  consequenc e o f cl i -
matic change s i n the sourc e regio n o f the NADW . 
Keywords: Mid-Brunhe s dissolutio n cycle , paleo-botto m curren t speed , wester n equatoria l Atlan -
tic, carbonat e preservation . 
1. Introduction 
Variations i n th e relativ e contribution s o f Uppe r Nort h Atlanti c Dee p Wate r (UNADW ) versu s Lo -
wer Nort h Atlanti c Dee p Wate r (LNADW ) t o the tota l flux o f Nort h Atlanti c Dee p an d Intermediat e 
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waters t o th e Souther n Ocea n hav e bee n identifie d a s a  driving forc e i n th e meridiona l hea t an d 
salt transfe r betwee n th e Norther n an d Souther n Hemispheres . Suc h variation s ar e als o a n im -
portant featur e o f th e glacial-interglacia l deep-wate r circulatio n variabilit y o f th e lat e Plioce -
ne/Pleistocene Atlanti c (e.g. , Opp o e t al. , 1995 , Raymo , e t al. , 1990) . Studie s o f 3 13C and Cd/C a 
values hav e show n tha t th e productio n o f LNAD W wa s drasticall y suppresse d durin g glacials , 
whereas th e productio n o f UNAD W was enhanced (Opp o e t al. , 1995 , Raymo , e t al. , 1990 , Curr y 
et al. , 1988 , Dupless y e t al. , 1988 , Boyl e an d Keigwin , 1987) . As a  consequence , souther n sour -
ce dee p wate r (Antarcti c Botto m Wate r (AABW) ) expande d t o shallowe r depths , compensatin g 
for th e LNAD W i n the wester n an d easter n Atlanti c basin s (e.g. , Bicker t e t al. , 1997a,b , Curr y an d 
Cullen, 1997 , Culle n an d Curry , 1997 , Tiedeman n an d Franz , 1997 , Bicker t an d Wafer , 1996 , 
Curry, 1996 , Sarnthei n e t al . 1994) . 
1.1 Study  area 
Previous investigation s hav e documente d a  highl y variabl e carbonat e preservatio n an d benthi c 
313C history a t ODP Site 92 7 interprete d t o resul t from substantia l change s i n deep-wate r circula -
tion (Bicker t e t al . 1997a,b , Curr y an d Cullen , 1997 , Culle n an d Curry , 1997 , Tiedeman n an d 
Franz, 1997) . Accordingly , w e chos e this Sit e fo r ou r ow n investigations . 
[km] 
/ 
S -6 0 -4 0 -2 0 0  2 0 N 
Fig 1:  Configuration  of  deep-  and  intermediate-water  masses  in  the  western  equatorial  Atlantic  as 
indicated by  the  calculated  d  C032' ion  concentration  (mmol/kg).  The  thick  line  indicates  the  calcite 
saturation state  (d  [CO32']=0) which  deepens  northward  due  to  the  greater  influence  of  NADW. 
AAIW=Antarctic Intermediate  Water,  NADW=North Atlantic  Deep  Water,  AABW=Antarctic Bottom 
Water. Carbonate  ion  distribution  from  GEOSECS  stations 34,  36, 37,  39,  40,  48,  49,  53,  54,  55, 
57, 58,  59,  60,  61,  64, 66,  67,  76  and 78.  (GEOSECS,  Bainbridge,  1981). 
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ODP Le g 15 4 (Site s 925-929 ) sediment s ar e idea l fo r th e stud y o f pas t change s i n th e dept h 
distribution o f deep-wate r properties , locate d centrall y a t a  positio n abou t halfwa y betwee n th e 
source region s fo r norther n an d souther n deep-wate r masses . I n th e mode m wester n equatoria l 
Atlantic, NAD W overlies th e dense r AAB W at depth s shallowe r tha n -400 0 m (Fig . 1, Tiedeman n 
and Franz , 1997) . Toda y OD P Site 92 7 (3315 m) i s bathe d b y NADW . 
Figure 2  show s the topograph y o f th e stud y are a an d th e genera l flo w pat h o f th e mai n deep -
water masse s i n th e Guyan a basin . Sit e 92 7 i s located o n th e northeaster n flan k o f th e Cear a 
Rise. The nearb y Amazo n deep-se a fa n extend s t o depths greate r tha n 470 0 m, wher e i t merge s 
with th e Demerar a an d Cear a Abyssa l Plain s (Damut h e t at. , 1988 , Manle y an d Flood , 1988) . 
Today, wid e area s o f th e Amazo n Fa n ar e expose d t o th e flo w regim e o f NAD W just i n fron t o f 
the northwester n wedg e o f th e Cear a Ris e (Fig . 2). Hence , Amazo n Fa n sediment s ar e a n im -
portant sourc e o f terrigenous sedimen t suppl y t o the Cear a Rise . 
15-T 
Fig. 2: Study  area.  ODP  Site  927  (3315  m) is  located on  the  northeast  slope  of  the  Ceara-Rise. 
The flow paths of  NADW  and  AABW  within  the  Guyana  basin  are  generalized  after  Rhein  et  al. 
(1998) and Rhein  et  al.  (1996). 
1.2 Results from  previous investigations. 
Previous studie s a t th e Cear a Ris e hav e documente d cycli c change s i n ventilatio n an d carbona -
te preservatio n o n orbita l tim e scale s (e.g. , Bicker t e t al. , 1997a,b , Curr y an d Cullen , 1997 , Cul -
len and Curry , 1997 , Tiedeman n an d Franz , 1997 , Bicker t an d Wafer , 1996 , Curry , 1996) . Thes e 
variations were commonl y attribute d t o th e cycli c deepenin g an d shoalin g o f th e mixin g zon e 
between NAD W and AABW . 
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These result s sugges t a  considerabl y weakenin g circulatio n i n th e lowe r NAD W loo p durin g 
glacials a s compare d t o interglacials . I n thi s stud y w e reconstruc t th e weakening/strengthenin g 
history o f th e lowe r NAD W circulation loo p b y investigatin g lat e Quaternar y mea n sortabl e sil t 
records. Thi s i s an importan t matter , becaus e a  significantl y weake r circulatio n woul d increas e 
the residenc e tim e o f LNAD W i n th e dee p ocean , thereby lowerin g it s 313C signal an d th e [C0 32"]. 
Therefore, moder n gradient s i n [C0 32"] and 913C between NAD W and AABW migh t hav e bee n les s 
well define d durin g period s o f weake r LNAD W circulation. Furthermore , a  slowdow n o f LNAD W 
circulation woul d accoun t fo r a  considerabl e reductio n i n th e meriodiona l oceani c hea t transfe r 
which woul d hav e amplifie d Pleistocen e glaciations . 
Of specia l interes t ar e th e glacia l t o interglacia l transitions , whe n drasti c change s i n th e flu x o f 
lower versu s uppe r NAD W occured, triggerin g shift s i n th e Atlanti c deep-wate r circulatio n fro m 
one mod e t o another . A n enhance d globa l thermoclin e overtur n durin g glacia l t o interglacia l 
transitions ha s bee n postulate d b y th e four-stag e mode l o f globa l thermohalin e circulatio n intro -
duced b y Imbri e e t al . (1992) . Thi s i s corroborated b y th e result s o f Dupless y e t al . (1991) . The y 
found a  significan t smal l la g tim e i n transferring th e oxyge n isotopi c meltwate r signa l o f surfac e 
and dee p water s fro m th e Nort h Atlanti c t o th e majo r oceani c basin s durin g th e las t glacia l t o 
interglacial transition . Thi s wa s attribute d t o a n enhance d thermohalin e circulatio n (Dupless y e t 
al., 1991) . Accordingly , th e greates t change s i n bottom-curren t speed s ar e expecte d t o occu r 
during th e glacia l t o interglacia l transitions . 
Another remainin g questio n i s ho w fa r th e Plio/Pleistocen e carbonat e dissolutio n pattern s a t 
Ceara Rise , a s documente d b y Bicker t e t al. , 1997a , Curr y an d Cullen , 1997 , Culle n an d Curry , 
1997, an d Tiedeman n an d Franz , 199 7 ar e linke d t o change s i n deep-wate r circulation . Toda y 
ODP Site 92 7 (331 5 m) i s locate d wel l abov e th e moder n calcit e lysoclin e (Fig . 1). Bicker t an d 
Wefer (1996 ) an d Curr y an d Lohrnan n (1990 ) foun d tha t th e sedimentar y lysoclin e neve r ros e 
above 3800-370 0 m  i n th e tropica l Atlanti c Ocean . O n th e othe r hand , hig h rate s o f carbonat e 
loss du e t o dissolution ar e inferre d fro m porewate r profile s a t th e Cear a Ris e (Marti n an d Sayles , 
1996, Hayle s an d Emerson , 1997) . Bicker t e t al . (1997a ) propose d tha t th e metaboli c C0 2 pro -
duction fro m respiratio n o f additiona l terrigenou s organi c matte r supplie d fro m th e nearby  Ama -
zon Fa n (Ruhlemann , 1996 ) migh t b e responsibl e fo r th e observe d dissolutio n patterns . 3 13C stu-
dies o n th e tota l organi c carbo n (TOC ) a t th e southwester n flan k an d a t th e to p o f Cear a Ris e 
revealed tha t 2 5 t o 40 % o f th e TO C i s o f terrigenou s origin . Th e proposa l o f Bicker t e t al . 
(1997a), however , remain s speculativ e sinc e ther e i s nothing know n abou t th e reactivit y o f th e 
terrignous organi c material . 
1.3 Long-term  trends 
A majo r characteristi c o f lat e Quaternar y carbonat e preservatio n record s i s a  globa l signa l o f 
intensified dissolutio n centere d aroun d th e mid-Brunhe s (~40 0 ka) . Suc h dissolutio n spike s hav e 
been wel l documente d i n th e North  Atlanti c (Henric h e t al. , subm. , Crowley , 1985) , i n th e India n 
Ocean (e.g . Bassino t e t al. , 1994 , Peterso n an d Prell , 1985) , i n th e Pacifi c (e.g . Farrel l an d 
Prell, 1991) , an d th e southeas t Atlanti c (Diester-Haa s an d Rothe , 1987) . Th e origi n o f thes e 
long-term trend s i s poorl y understood . Becaus e o f th e globa l characte r o f the mi d Brunhe s disso -
lution cycle , lon g term-change s i n th e transfer s betwee n globa l carbon-carbonat e reservoir s o r i n 
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the Ca 2+ flu x t o th e ocean s relate d t o change s i n th e intensit y o f chemica l weatherin g hav e be -
en proposed (Bassino t e t al. , 1994) . 
On th e othe r hand , th e mid-Brunhe s wa s also a n epoc h o f drasti c globa l climati c change , a s 
observed i n a  wide variet y o f marin e an d continenta l record s (Janse n e t al . 1986) . Accordingly , 
since NADW productio n i s highl y sensitiv e t o climati c change s i n th e Nort h Atlanti c (e.g . Hen -
rich e t al. , submitted) , thi s argue s fo r a n importan t rol e o f NADW , considerin g th e mid-Brunhe s 
dissolution cycle . 
1.4. Aims and  objectives 
The mai n objec t o f thi s stud y i s t o improv e ou r understandin g o f change s i n th e lowe r circulati -
on loop o f NADW , an d thei r relation s t o geochemica l an d physica l propertie s o f dee p water s i n 
the wester n equatoria l Atlantic , focusin g o n th e followin g questions : 
1) I s there evidenc e fo r variabl e pale o bottom-curren t speed s a t th e Cear a Rise , an d ho w d o 
changes relat e t o th e glacial-interglacia l cyclicity ? 
2) I s there evidenc e fo r weake r circulatio n i n the lowe r loo p o f NAD W durin g glacials ? 
3) I s there evidenc e fo r stronge r alteratio n (wit h respec t t o carbonat e corrosivenes s an d 8 13C) of 
glacial LNAD W compare d t o interglacials . 
4) I s there evidenc e fo r greate r change s i n pale o botto m current-speed s a t glacia l t o interglacia l 
transitions? 
5) I s there evidenc e fo r a  linkag e betwee n carbonat e preservatio n a t 331 5 m  wate r dept h (OD P 
Site 927 ) an d change s i n deep-wate r circulation ? 
6) Ca n the mi d Brunhe s dissolutio n cycle s b e recognize d i n the western equatoria l Atlantic , an d 
how d o carbonat e preservatio n pattern s chang e during  thi s period ? 
Wa consider thes e question s i n a  multiparamete r approach . Carbonat e preservatio n proxie s an d 
313C records from Bicker t e t al . (1997) ar e use d t o estimat e ventilatio n an d th e [C0 33~] saturatio n 
state o f deep  water . Further , a  recor d o f th e mea n sortabl e sil t give s informatio n abou t botto m 
currents speed s (McCave , 1995) , which allow s u s to estimat e change s i n th e relativ e strengt h o f 
circulation withi n lowe r NAD W loop . Finally , w e us e the 3 180 record o f Bicker t e t al . (1997 ) t o 
determine relationship s betwee n change s observe d i n the deep-wate r mas s proxie s an d change s 
in ic e volume . 
A minor objectiv e o f thi s stud y i s to investigate , whethe r carbonat e dissolutio n ca n b e estimate d 
from sil t grain-siz e analysis . Th e respons e o f th e calcareou s sil t textur e t o stron g dissolutio n i s 
therefore examined . 
2. Material and method s 
ODP-Site 927 A was sample d a t 20-c m interval s fro m 13.4 3 t o 35.1 5 meter s composit e dept h 
(mcd), which correspond s t o the tim e interva l fro m =  270 k a to 80 0 ka , and yield s a  resolutio n o f 
about 5  ky. 
Coarse and fin e fraction s wer e separate d b y wet-sievin g o f ~2 0 cm 3 o f bul k sedimen t throug h a 
63 um-mesh sieve . Th e coars e fractio n wa s the n subdivide d b y dry-sievin g a t interval s o f 63 , 
125, 250, 50 0 an d 100 0 urn . The 125-50 0 u. m size fractio n wa s spli t i n half , an d aliquot s o f thi s 
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material containin g a  minimu m o f 30 0 particle s wer e use d t o recor d particl e count s o f whole -
test planktoni c foraminifer s an d planktoni c foraminifera l fragments . A  planktoni c foraminifera l 
preservation inde x i s given a s percen t whol e foraminifer s (=10 0 X number o f whol e foraminife r 
tests/(number o f whole test s +  number o f fragments)). 
Grain siz e distributio n o f th e variou s sil t component s (bulk , calcareou s sil t an d non-CaC0 3 silt ) 
was measure d wit h a  Micromeritic s SediGrap h 5100 , an d was carrie d ou t fo r ever y secon d samp -
le i n orde r t o reduc e th e labor y effort , yieldin g a  resolutio n o f abou t 1 0 ky . The hig h accurac y o f 
this system , which provide s particle-siz e measurement s i n a  siz e spectru m fro m 30 0 dow n t o 
0.1 u.m , ha s bee n demonstrate d i n severa l studie s (Coakle y an d Syvitsky , 1991 , Stein , 1985) . 
Stein (1985 ) noted , however , tha t montmorillonite-ric h sample s wer e difficul t t o analyze , becau -
se o f thei r thixotropi c properties , whic h increas e th e viscosit y o f th e liqui d an d therefor e hinde r 
particle i n settling . 
XRD studie s b y Debraban d e t al . (1997 ) indicate , tha t smectit e wa s th e dominan t cla y minera l i n 
sediments o f the nearb y Amazo n Fa n (30 % to 50 % o f th e cla y minerals ) fro m th e middl e Plei -
stocene t o th e Holocene . V\f e therefore reduce d th e cla y conten t i n ou r sample s t o 3-1 0 wt.% 
using th e Atterber g method . 
Each sil t extrac t wa s measure d twice i n orde r t o obtai n th e grain-siz e distributio n o f th e distinc t 
silt component s (Robinso n an d McCave , 1994) . Afte r th e firs t run , i n whic h th e frequenc y distri -
bution o f th e tota l sil t wa s determined, th e carbonat e wa s removed wit h 12 % HCI . I n a  secon d 
run th e lithogeni c residu e wa s measure d t o obtai n th e frequenc y distributio n o f th e terrigenou s 
component (sinc e biogeni c opa l i s negligible) . Accordin g t o Robinso n an d McCav e (1994) , th e 
particle-size distributio n o f th e calcareou s sil t componen t wa s obtaine d b y subtractin g th e distri -
bution o f th e lithogeni c sil t fro m tha t o f the bul k silt , 
i V\ e analyze d th e sil t withi n a  give n siz e spectru m rangin g fro m 100, 0 t o 0, 1 u.m . Fro m th e ra w 
data we calculate d th e grai n siz e distribution s o f th e 10-6 3 u. m fraction an d th e tota l sil t (2-6 3 
u.m) separately , wit h eac h spectru m rescale d t o 100% . Thi s procedur e wa s applied t o th e bulk , 
lithogenic, an d calcareou s components . Standar d deviatio n (SRD) , mea n grai n diameter , an d 
% (10-6 3 um ) sil t wer e the n calculate d t o characteriz e th e textura l feature s o f eac h spectrum . I n 
this study , the siz e classe s greater than 1 0 u.m are refere d t o a s sortable silt , thos e wit h particle s 
smaller tha n this , a s fin e silt . 
Age model s fo r th e OD P Leg 15 4 Site s were develope d b y Bicker t e t al . (1997b). Datin g i s base d 
on tunin g variation s o f th e magneti c susceptibilit y t o orbita l parameter s (fo r detail s se e Bicker t e t 
al., 1997b) . 
3. Results 
3.1 Carbonate  preservation 
As demonstrate d b y Curr y an d Cullen (1997 ) a t th e Cear a Ris e an d th e adjacen t tropica l Atlan -
tic, carbonat e preservatio n i s bes t reflecte d b y th e recor d o f percentag e o f whol e foraminifera l 
tests. Thi s i s due t o th e weakening an d breakag e o f foraminife r shell s with progressiv e dissolutio n 
(e.g. Berge r e t al. , 1982) . Th e exten d o f carbonat e dissolutio n i s further estimate d b y grain-siz e 
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analysis o f th e calcareou s sil t component . V\f e found th e %  (10-6 3 urn ) sil t i n th e calcareou s sil t 
component t o b e a  usefu l paramete r (Fig . 3). 
The excellen t covariatio n betwee n thi s recor d an d th e %  whole-test foraminifer a qualifie s thi s 
proxy a s a  reliable too l fo r estimatin g carbonat e dissolutio n (Fig . 3). Accordingly , durin g phase s 
of enhance d dissolution , a s indicate d b y a  stronge r fragmentatio n o f foraminifera l shells , w e 
observe a  considerable reductio n i n the %  (10-63 urn ) silt . 
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Fig. 3: Carbonate  preservation proxies  (%  whole-test foraminfera  (bottom)  and %  (10-63 fim) silt  in 
the calcareous silt component  (middle))  vs.  d180 C.  wuellerstorfi (Bickert  et al. 1997b).  Numbers at 
the top indicate oxygen  isotope  stages.  The  % whole-test foraminifera  was  calculated  from  particle 
counts in the  125-500  /j,m fraction. 
The dissolutio n proxie s exhibi t th e "Atlanti c type " o f preservatio n patter n wit h bette r preservatio n 
during interglacial s compare d t o glacial s (Bicker t e t al. , 1997b , Curr y an d Cullen , 1997 , Tiede -
mann and Fran z 1997) . Compariso n wit h th e 3 1B0 recor d fro m Bicker t e t al . (1997, Fig . 3) reveal s 
that maxim a i n carbonat e preservatio n occu r a t glacial-interglacia l transitions , supportin g th e 
former result s o f Cullen an d Curr y (1997) . 
Minima i n carbonat e preservatio n o f planktoni c foraminifer a occu r predominantl y aroun d th e 
interglacial t o glacia l transitions . Thi s i s mos t obviou s a t th e transition s 19/18 , 15/14 , 13/1 2 an d 
11/10, where th e stronges t fragmentatio n o f foraminiferal shell s i s observed (Fig . 3). 
The mos t strikin g impac t o n planktoni c foraminifera l preservation , however , i s seen aroun d th e 
onset o f glacia l stag e 1 2 (-48 0 ka , Fig . 3, bottom) , wher e a  distinc t shif t t o generall y poorer  pre -
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servation an d muc h highe r variabilit y i s recognized durin g bot h glacial s an d interglacials . Du -
ring glacia l stage s 1 2 an d 10 , th e preservatio n o f planktoni c foraminifer a i s the poores t o f th e 
entire record , indicatin g th e mid-Brunhe s dissolutio n cycle . Thi s shif t i s les s wel l recorde d i n th e 
% (10-6 3 um ) sil t o f th e calcareou s sil t componen t becaus e o f it s lowe r resolutio n (-1 0 kys ) 
(Fig. 3 , middle) . 
3.2 Changes  of  the  calcareous  silt  texture  in  response to  dissolution 
To test the response o f the sil t textur e t o stron g dissolution , w e compar e th e grain-siz e distributi -
on o f a  well-preserve d interglacia l sampl e wit h tha t o f a  glacia l sampl e tha t undergon e consi -
derable dissolutio n (Fig.4) . Moda l value s d o no t diffe r significantl y an d ar e centere d aroun d 
3 u.m, indicatin g th e predominanc e o f fine-graine d coccolith s i n bot h samples . Th e glacia l 
sample, however , exhibit s a  significan t reductio n o f particle s i n th e siz e classe s betwee n 7  an d 
63 u.m. 
The calcareou s fin e fractio n consist s o f thre e differen t components , i n th e orde r o f thei r relativ e 
abundance: (1 ) nannofossi l placoliths , consistin g mainly  o f coccoliths , whic h ar e presen t exclu -
sively i n th e fin e sil t wit h a  maximu m aroun d 3  urn an d i n th e cla y fraction , (2 ) fragments o f fo -
raminifera, preferentiall y presen t i n th e silt , an d (3 ) juvenil e foraminifer a an d larva e wit h a  rela -
tively negligibl e abundance , preferentiall y presen t i n th e (10-6 3 u.m ) silt . Hence , w e propos e th e 
preferential dissolutio n o f foraminifera l fragment s an d larvae , relativ e t o th e nannofosi l placo -
liths, a s a  possibl e explanatio n fo r th e observe d pattern . 
/ -
6-
^ 5 -
°- 4 ,— *+ — 
O 
^ 3 -
% • 
" 2 -
1 -
o 
/ . ' " \ \ 
• *  \ 
i 
i i  i—i— r 
927 3-4-122 
(isotope stage 14) 
927 2-4-52 
(isotope stage 9) 
\ % \ \ 
X. . 
i i i | i  i  T^ i i  i  i i | 
10 1 0 
[Um] 
Fig. 4:  Comparison  between  the  grain-size distribution  of  a well-preserved interglacial  sample 
(dashed line)  and  a  glacial  sample  that  underwent  considerable  dissolution.  Both  distributions  are 
generated from  the  calcareous  silt  component.  While  modal  values  are  nearly identical,  the  glacial 
sample is  considerably  reduced  in  (10-63  /xm) silt. 
To verify tha t the patter n o f %  (10-63 u.m ) silt does no t resul t from winnowing, w e compar e th e % 
(10-63 urn ) sil t i n th e calcareou s sil t componen t wit h th e recor d o f %  (10-6 3 urn ) sil t i n th e terri -
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genous sil t componen t (Fig . 5). I f bot h record s were , i n fact , controlle d b y winnowing , the y 
should exhibi t th e sam e pattern . Th e pattern s are , however , complet e differen t (r=0,08 , Fig . 5), 
implying tha t th e calcareou s (10-6 3 urn ) sil t recor d i s controlled primaril y b y differentia l dissolu -
tion o f coccoliths/foraminifera l fragments . Greate r resistanc e b y coccolith s t o dissolutio n com -
pared t o foraminifera l test s ha s bee n reporte d b y Ha y (1970) , wh o foun d coccolith s t o b e mor e 
abundant clos e t o th e CCD . Their greate r resistanc e i s mos t likel y relate d t o protectiv e organi c 
membranes (Mclntyr e an d Mclntyre , 1971 ) obtaine d durin g transpor t b y feca l pellets , whic h i s 
the mos t importan t proces s i n transferrin g phytoplankto n skeleton s t o th e dee p se a floo r (Honjo , 
1976). 
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Fig. 5: Comparison  between  the  percentage (10-63  jim) silt  in  the calcareous  silt  (bottom)  and  the 
percentage of  (10-63  \im) silt  in  the terrigenous silt  (top). 
3.1 Terrigenous silt fraction. 
The sortable sil t exhibit s cycli c variation s i n th e mea n grai n diamete r recor d an d sorting . Bot h 
parameters sho w a  negativ e relationshi p (r=-0,5) , which we interpre t a s documentin g th e deposi -
tion fro m suspensio n load . Generally , sortin g become s poore r wit h highe r curren t velocity , a s 
increasingly coarse r grai n classe s ar e adde d int o th e suspensio n load . 
The downcor e record s o f th e mea n grai n diameter s i n th e sortabl e sil t (mean (Ss)) reflec t a  siz e 
range fro m -1 1 ur n to ~1 8 urn . Figur e 6  compares th e mean (Ss) record t o the benthi c 9 180 recor d 
of Bicker t e t al . (1997) . I n general , th e mean (Ss) recor d exhibit s a n assymmetr y simila r t o tha t o f 
the 8180 record , with coarse r mean (Ss) observed i n interglacial s an d a  fining o f mean (ss> values i n 
glacials. 
Minima i n th e mean (Ss) recor d occu r a t th e glacia l t o interglacia l transitions , wher e mean (Ss) 
values ar e fine r tha n 1 3 um , whic h i s nea r th e boundar y o f th e grain-siz e window . Compariso n 
with 3 180 values sho w tha t thes e minim a wer e followe d b y abrup t shift s t o ver y coars e value s 
(Fig. 6). At  termination s 18/1 7 an d 14/13 , th e shif t t o coarse r mean (Ss values occur s wel l withi n 
the deglaciatio n phas e a s indicate d b y th e oxigen-isotop e recor d (whic h show s a  les s stee p 
trend t o lighte r 3 180 values compare d t o th e othe r transitions) . Thi s patter n i s les s obvious , bu t 
still recognizabl e during  th e deglaciatio n a t 10/9 . A t transition s 16/1 5 an d 12/11 , th e shif t t o 
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coarser mean (Ss) values seem s t o b e i n phas e wit h th e 3 180 record . Thi s coul d be , However , a n 
effect o f th e lowe r resolutio n (10ky ) o f th e mean (Ss) record , sinc e thes e deglaciatio n phase s ar e 
characterized b y rapi d transition s t o interglacia l conditions . 
8 1 0 1 2 1 4 1 6 1 8 
4.3 
Fig. 6:  Comparison  between  the  mean grain  diameter  of  the  terrigenous "sortable  silt" (10-63 jxm) 
and benthic  d 180 (Cibicides  wuellerstorfi).  Note  the  inverse scale  of  the  oxygen  isotope  record. 
Stable isotope  data  from  Bickert  et  al.  (1997b). Numbers  at  the  top indicate  oxygen  isotope  sta-
ges. 
The coarses t mean (Ss value throughou t th e whole recor d i s observed a t abou t 48 0 ka correspon -
ding t o th e onse t o f glacia l stag e 12 . Thi s coincide s wit h a  distinc t shif t t o poore r carbonat e 
preservation, whic h w e wil l discus s below . 
Figure 7  compare s th e mean (Ss) recor d with th e benthi c 3 13C record fro m Bicker t e t al . (1997) . I n 
general, w e observ e a  positiv e relationshi p betwee n th e parameters , wit h fine r mean (Ss) value s 
accompanied b y lighte r 9 13C values durin g glacials . A t th e glacial-interglacia l transitions , a  simi -
lar patter n a s describe d fo r the 3 180 curve i s recognizable . A t termination s 18/1 7 an d 14/1 3 (an d 
less wel l define d a t th e transitio n 10/9) , th e deglacia l shif t t o coarse r mean (Ss) values lie s wel l 
within a  mbderat e tren d t o heavie r 3 13C values, whil e during  transition s 16/1 5 an d 12/1 1 i t seem s 
to occu r contemporaneousl y wit h a  rapi d increas e t o heavie r 3 13C values. Thi s ma y be , a s men -
tioned above , a n effec t o f the poorer  resolutio n o f th e mean (Ss) record . 
In summary , interglacial s ar e characterize d b y generall y coarse r mean (Ss) values , whil e glacial s 
exhibit a  tren d t o fine r values . Th e mos t significan t change s occu r durin g glacial-interglacia l 
transitions wher e absolut e minim a i n mean (Ss) ar e followe d b y a  rapi d shif t t o ver y coars e me -
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an(Ss) during deglaciations . Th e shift s coincid e wit h contemporanou s shift s t o heavie r benthi c 
foraminiferal 3 13C values from C.wuellerstorfi. 
8 1 0 1 2 1 4 16 18 
Fig. 7:  Comparison between  the  mean grain diameter  of  the  terrigenous  "sortable  silt"  (10-63  /j.m) 
and benthic d 13C (Cibicides wuellerstorfi).  Stable isotope data  refer  to  Bickert  et  al. (1997b). 
4. Discussion 
4.1 Glacial-interglacia l variabilit y 
4.17 Inference  of  current  speed  from grain size distributions  at  Cear&  Rise. 
Previous studie s (e.g . McCave , 1985 , McCav e e t al. , 1995 , Robinson , 1994 ) hav e establishe d 
that the >10 ur n sil t fraction i s most sensitive t o sorting processes . Th e theoretica l an d empirica l 
basis ha s bee n documente d i n detai l b y McCav e e t al . (1995) . Accordingly , a  greate r mea n 
grain siz e o f the sortabl e sil t i s condidered t o b e evidenc e fo r stronge r botto m currents . 
The hydrographi c an d depositiona l backgroun d a t th e Cear a Rise , however , i s mor e comple x 
because o f the various flo w an d transport regime s o f deep water masse s an d surface currents . 
(1) Changes i n mean (Ss) coul d reflec t differen t source s o f sedimen t suppl y associate d wit h th e 
distinct flo w regime s o f AABW an d NADW . (2 ) Climaticall y induce d change s i n th e Amazo n se -
diment discharg e ma y distur b o r overprin t th e norma l marin e bottom-curren t signal . (3 ) Additio -
nal variabilit y o f sedimen t suppl y ma y b e encountere d vi a th e eastwar d flowin g North  Equatoria l 
Counter Curren t (NECC) . At  relatively  longe r tim e scales , th e NEC C i s linke d t o th e latitudina l 
paleoposition o f th e Intertropica l Convergenc e Zon e (Tiedeman n an d Franz , 1997) . 
Robinson an d McCav e (1994 ) argue d tha t onl y th e physica l processe s o f sedimentatio n an d 
post-formation effect s (e.g . botto m currents ) ca n influenc e th e particl e sortin g o f bot h th e bioge -
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nic an d lithogeni c component s o f th e sediment . T o test whether th e mean (Ss) prox y i s a  reliabl e 
indicator fo r bottom-curren t strength , w e compar e i n Figur e 8  th e mean (Ss) recor d o f th e terrige -
nous sil t t o tha t generate d fro m th e calcareou s component . Th e tw o record s covar y well , pro -
viding stron g evidenc e tha t change s i n th e terrigenou s sortabl e sil t mainly  reflec t change s i n 
paleo bottom-curren t strength . Mino r difference s betwee n th e calcareou s an d th e terrigenou s 
sortable sil t records , ma y b e relate d t o dissolution effect s and/o r variation s i n th e mea n thicknes s 
of shel l walls . 
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Fig. 8:  Comparison  between  the  mean grain diameter of  the  terrigenous "sortable  silt" (10-63  /J.m) 
with the  mean  grain  diameter  of  the  calcareous "sortable  silt" (10-63  nm). Covariation  between  the 
two records  indicates  the  presence of  bottom currents  (Robinson  and  McCave,  1994) 
Furthermore, th e calcareou s meanes t value s ar e muc h coarse r tha n thos e o f th e terrigenou s 
mean(Ss) values. Assuming a  simila r hydrographi c behavio r b y bot h components , thi s woul d im -
ply tha t th e bottom-curren t speed s ha d t o b e muc h stronge r tha n inferre d fro m th e terrigenou s 
mean(Ss) record . Thi s migh t als o reflec t the dista l positio n o f Sit e 92 7 o n th e northeaster n slop e 
of the Cear a Rise . 
Interpreting th e terrigenou s mean (Ss) record t o resul t mainly  a s a  functio n o f variabl e bottom -
current speeds , glacial-interglacia l difference s i n th e terrigenou s mean (Ss) provide evidenc e fo r 
higher curren t speed s during interglacial s compare d t o glacials , (Fig . 6). Furthermore , th e di -
stinct shift s durin g th e glacial-interglacia l transition s indicat e initiatio n o f th e highes t curren t 
speeds durin g deglaciation s (Fig . 6), just afte r a  "shutdown " i n curren t velocit y aroun d th e en d o f 
glaciations. Thi s assumptio n i s i n agreemen t wit h th e fou r stag e mode l o f Imbrie  e t al . (1992) , 
which postulate s a  maximu m overtur n o f globa l thermohalin e circulatio n durin g deglaciations . 
A mode l t o explai n th e observe d patter n a t Sit e 92 7 coul d b e a s follows : 
Due t o th e reduce d LNAD W formation during  glacials , flo w i n th e lowe r NAD W circulation loo p 
was considerabl y weakened , resultin g i n a  genera l suppressio n o f bottom-curren t speeds . Thi s 
situation culminate s i n a  "shutdown " scenari o a t th e en d o f th e glacia l periods , wher e period s o f 
weakest bottom-curren t speed s an d lowes t ventilation wer e indicate d a t th e Cear a Rise . 
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From a  hydrodynamica l poin t o f vie w ther e ma y b e tw o way s t o balanc e variation s i n LNADW 
production. Fo r exampl e th e interglacia l exces s o f LNADW  can b e balance d b y a n volumetri c 
expansion o f th e LNAD W laye r i n th e Atlanti c Ocean . Thi s woul d requir e a  lowe r densit y gra -
dient towar d th e underlyin g AAB W fo r enablin g th e LNAD W to entrai n int o greate r waterdepths . 
In this model , a  diminished flu x o f LNAD W during glacial s lead s t o a  smalle r LNAD W laye r i n th e 
Atlantic ocean . 
In a second scenari o th e LNAD W exess ma y b e balance d b y a  stronge r an d thu s mor e efficien t 
circulation o f LNADW . Thi s woul d requir e a  faster streamin g LNAD W i n orde r t o transfe r large r 
volumes o f LNAD W fro m th e Atlanti c t o the othe r oceans . Thi s mode l i s i n wel l agreemen t wit h 
our assumptio n o f a  stronge r circulatio n i n the LNAD W loo p durin g interglacials . 
The two mechanism s ma y no t b e exclusiv e bu t ca n b e considere d t o operat e sid e b y side . Any -
way, th e larg e glacial-interglacia l difference s i n inferre d bottom-curren t strengt h sugges t tha t 
there ar e tw o mode s o f LNAD W circulation : a  fas t conveyo r durin g interglacials , an d a  "slo w 
conveyor" durin g glacials . I t appear s plausibl e tha t th e "slo w convevor " mus t hav e bee n associa -
ted wit h a  considerabl y reduce d meridiona l hea t transfe r and , thu s amplifie d th e Pleistocen e 
glaciations. 
In order t o explai n th e "shutdown " scenari o a t th e glacia l t o interglacia l transition s w e hypothe -
size that th e developmen t o f the larges t (mos t expansive ) ic e sheet s a t th e end s o f glacial s ma y 
have triggered a n almos t complet e suppresio n o f LNAD W formation, leadin g t o th e mos t promi -
nent weakening o f th e lowe r NAD W circulation loop . Thes e ic e sheet s ma y hav e force d a  seaso -
nal enhance d meltwate r discharg e int o th e are a o f LNAD W formation . Simultaneou s with , o r jus t 
after th e beginnin g o f th e deglaciatio n phase , th e syste m i s restabilizes . Th e lowe r NAD W circu-
lation i s rapidl y reestablished , causin g a  shif t t o th e ver y hig h curren t speed s observe d a t th e 
Ceara Rise . This i s i n accord with the result s o f Ven z e t al . (1999) , wh o deduce d a n increas e i n 
LNADW productio n durin g termination s fro m benthi c 3 13C records a t ODP-Site s 60 7 an d 98 2 i n 
the North  Atlantic . 
The strong  positiv e relationshi p betwee n th e mean (Ss) recor d an d th e carbon-isotop e recor d o f 
Bickert e t al . (1997 , Fig . 7), gives further  evidenc e fo r suc h a  scenario . Accordingly , heavie r 3 13C 
values indicat e a n increase d ventilatio n durin g interglacia l period s o f highe r bottom-curren t 
speed, wherea s lighte r 3 13C values resul t fro m decrease d ventilatio n associate d wit h period s o f 
weaker botto m current s durin g glacials . 
At glacial-interglacia l transition s (16/15 , 14/13 , 12/11 , an d 10/9 ) th e distinc t shif t t o coarse r me -
anest i s paralleled b y a  shif t fro m very ligh t t o ver y heav y d 13C values (Fig . 7), indicatin g a  rapi d 
reinitiation o f th e lowe r NAD W loop . 
However, thi s mode l ha s to b e verified i n a high-resolution stud y alon g a  dept h transec t t o focu s 
more precisely  o n th e distinc t phas e relation s betwee n th e 3 13C, 3180 and mean (Ss) records . 
Another implicatio n o f th e reduce d curren t speed s durin g glacia l period s i s that , du e t o th e wea -
ker circulatio n o f th e LNADW , thi s wate r mas s appears much  "older " compare d t o interglacials . 
This i s als o evidence d b y th e stron g negativ e relationshi p betwee n th e mean (Ss) and d 13C records 
(Fig. 7). I n consequence , d 13C and [C0 321 gradients betwee n LNAD W an d southern-sourc e dee p 
waters migh t hav e bee n les s stee p durin g glacial s compare d t o interglacials . 
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Hence, a  ke y question remain s a s to th e exten t th e observe d change s i n th e 8 13C and mean (Ss) 
records ca n b e explaine d solel y throug h varyin g ventilatio n effect s (relate d t o a  strength -
ening/weakening o f th e circulatio n withi n lowe r NAD W loop) , o r whether ther e i s evidenc e fo r 
the variabl e influenc e o f lo w 3 13C AABW ? 
4.12 Preservation,  ventilation,  circulation 
The record s o f preservation proxie s sho w a  strong positive relationshi p t o th e 3 13C record (Fig . 9). 
Hence, durin g glacials , th e poorer  preservatio n o f foraminifer a an d diminishe d coars e sil t con -
tent ar e associate d wit h lighte r 3 13C values. Thi s coul d reflect , a t leas t partly , a n olde r LNAD W 
mass durin g glacia l periods , wit h weake r circulatio n an d mor e organi c carbo n remineralize d i n 
the water column , an d thu s a  lowe r [C0 32"]. 
Explaining th e preservatio n an d 3 13C pattern wit h a  stronge r alteratio n o f th e LNADW , durin g 
glacial period s o f weake r circulation,however , would suggest that this LNAD W mas s i s muc h mo -
re corrosiv e compare d tha n i n th e interglacials . 
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Fig. 9:  Comparison  of  carbonate preservation  proxies with  the d13C (C. wuellerstorfi) record  from 
Bickert et  al.  (1997b).  A  positive  relationship  evidences  the  linkage between  changes in  deep-
water circulation  and  carbonate  preservation  at  ODP  Site 927. 
Explaining thi s patter n b y variabl e influence s o f AAB W would impl y tha t th e expande d mixin g 
zone betwee n th e wate r masse s and th e calcit e lysoclin e wer e shallowe r tha n i s suggeste d b y 
previous studie s (e.g . Bicker t e t al. , 1997 , Bicker t and Wefer, 1996) . Suc h a  scenari o seem s t o b e 
rather plausibl e durin g isotop e stage s 1 2 and 10 , where w e foun d th e distinc t shift s t o generall y 
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poorer carbonat e preservation . Furthe r evidenc e fo r a n importan t rol e o f AAB W i s provide d fro m 
carbonate preservatio n studie s on two gravit y core s from the southwestern flan k an d fro m th e to p 
of the Cear a Ris e b y Ruhleman n (1996) . H e reporte d a  considerabl e increas e i n carbonat e dis -
solution a t depth s abov e 3300 m during isotop e stage s 4, 8 , 9  and 10 . Thi s observatio n wa s attri -
buted t o a  decrease d productio n o f NAD W associate d wit h a  vertica l expansio n o f Southern -
Source Dee p Water . Thi s assumption , howeve r o f a n expanded mixin g zon e betwee n NAD W an d 
AABW ha s t o b e furthe r verifie d i n a depth transec t a t the Cear a Rise . 
On th e othe r hand , explainin g th e stron g negativ e relationshi p betwee n th e 3 13C record an d th e 
dissolution proxie s solel y b y th e respiratio n o f organi c matte r a t Sit e 927 , w e woul d expec t a 
strong "Mackense n effect " (Mackensen , 1993) , whic h decrease s th e 3 13C o f XC0 2 i n th e wate r 
column. O n th e othe r hand , ou r result s revea l tha t TO C conten t doe s no t excee d 0.4 % 
(0~O.25%) o f the bul k sediment . Base d o n these ver y lo w TOC contents , a  "Mackense n effect " i s 
rather unlikely . Accordingly , th e goo d covariatio n betwee n th e carbonat e preservatio n proxie s 
and the 3 13C recor d (Fig . 9) evidences  th e linkag e betwee n change s i n th e deep-wate r circulati -
on an d carbonat e preservation . 
4.2 Lon g term trend s 
The mos t striking shif t i n th e carbonat e preservatio n curv e (Fig . 9) occur s rathe r abruptl y a t th e 
onset o f isotop e stag e 1 2 (~48 0 ka) . Thereafter, th e preservatio n o f foraminifer s i s generall y lowe r 
than before , an d th e variabilit y i s much greate r durin g bot h th e glacial s an d th e interglacials . 
This indicate s tha t change s i n carbonat e preservatio n i n thi s interva l no w occu r no t onl y i n re -
sponse t o glacial-interglacia l climati c change , rathe r th e variatio n i s stronge r a t sub-orbita l tim e 
scales. Thi s indicates : 
(1) a  generall y decrease d influenc e o f well-ventilate d LNADW , which ma y hav e bee n (a t leas t 
partly) compensate d b y a n increasin g influenc e o f southern-componen t water , an d (2 ) a  les s 
stable LNAD W productio n i n the Nordi c Seas . I f w e assum e tha t th e larg e ic e sheet s develope d 
during thi s perio d migh t hav e decrease d th e stabilit y o f LNADW  production , th e observe d patter n 
might b e viewe d a s a direc t consequenc e o f drasti c climati c change s i n th e sourc e regio n o f 
NADW. This i s supported b y IRD studies of Henrich e t al . (1989 ) an d mor e recentl y b y Thied e e t 
al. (1998) , which sugges t tha t the larges t ic e sheets i n the Norther n Hemispher e wer e develope d 
during th e mid-Brunhe s event . 
Furthermore, ou r result s sho w tha t th e observe d impac t o n carbonat e preservatio n coincide s wit h 
the highes t botto m curren t speed s a s indicate d b y the coarses t means (Ss) values alon g th e whol e 
record. This argue s fo r a  widespread rebalancin g i n deep  wate r circulatio n aroun d th e onse t o f 
glacial stag e 12 . 
Additional evidenc e fo r a n importan t rol e o f th e UNADW/LNAD W flu x durin g th e mid-Brunhe s 
dissolution cycle , a t leas t fo r th e Atlantic , come s fro m carbonat e preservatio n studie s i n th e Ca -
ribbean. Ferrar o e t al . (1996 ) reporte d th e mos t intens e dissolutio n aroun d interglacia l stag e 1 1 
at OD P Sit e 99 9 (Colombia n basin ) an d 100 0 (Nicaragua n Rise) , wherea s ou r result s revea l 
strong dissolutio n durin g glacia l stage s 1 2 an d 1 0 fo r the western  equatoria l Atlantic . Thi s as -
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symmetry coul d b e controlle d b y variation s i n th e relativ e flu x o f LNADW/UNADW . Durin g 
glacials 1 2 an d 1 0 th e LNAD W production i s considerably reduced , wit h a  correspondin g en -
hancement o f UNAD W production . Thi s initiate s a n increase d expor t o f UNAD W throug h th e 
passages across the Caribbea n sil l fron t int o th e Caribbea n basins . Durin g interglacia l stag e 1 1 
LNADW productio n i s higher , resultin g i n bette r carbonat e preservatio n i n th e wester n equatoria l 
Atlantic, whil e UNAD W productio n i s depleted . Thi s diminishe s th e expor t o f UNAD W to th e Ca -
ribbean basins , an d thi s i s then compensate d b y mor e corrosiv e Antarcti c Intermediat e Water . 
Hence, th e assymmetr y betwee n th e Caribbea n an d wester n Atlanti c carbonat e preservatio n 
pattern durin g th e mid-Brunhe s interva l argue s fo r a n essentia l rol e o f th e relativ e 
LNADW/UNADW flu x i n controllin g th e mid-Brunhe s dissolutio n cycle , a t leas t fo r a  couple d 
Atlantic-Caribbean system . 
Conclusions 
Late Quaternar y record s o f terrigenou s mea n "sortabl e silt " indicat e a  histor y o f highl y variabl e 
bottom curren t speed s a t th e Cear a Rise , western equatoria l Atlantic . 
Comparison o f mea n "sortabl e silt " wit h carbonat e preservatio n proxie s an d benthi c foraminifera l 
stable-isotope record s (3 13C, 3180) from Bicker t e t al. , (1997b ) evidenc e a  considerabl y weakene d 
circulation o f lowe r NAD W and a  les s well-ventilated deep-wate r mas s during glacials . I n con -
trast, durin g intergiacial s th e lowe r NAD W circulatio n loo p strengthene d an d th e wate r mas s was 
better ventilated . 
The lowe r inferre d bottom-current s speed s sugges t a  considerable "slowdown " o f LNAD W circula -
tion whic h point s t o a  considerabl y reduce d meridiona l hea t transfe r amplifyin g th e Pleistocen e 
glaciations. 
Due t o th e weakenin g circulatio n durin g glacials , th e LNAD W migh t hav e bee n considerabl y 
"older" compare d t o intergiacial s periods . Thi s i s corroborate d b y a  stron g negativ e relationshi p 
between th e mea n sortabl e sil t an d 9 13C records . Thus , gradient s i n 3 13C and [C0 32"] betwee n 
LNADW and southern-sourc e dee p water s migh t hav e bee n les s extrem e durin g glacial s com -
pared t o intergiacials . 
The mos t strikin g change s i n paleocurren t speeds , inferre d fro m record s o f mea n sortabl e silt , 
occur durin g glacial-to-interglacia l transitions , showin g a  shif t fro m th e lowes t t o ver y hig h bot -
tom-currents speed s durin g th e transitions 18/17 , 14/1 3 an d 10/9 . Thi s indicate s a  rapi d reinsta -
tement o f the lowe r NAD W circulatio n relativel y soo n afte r a  considerabl e stag e o f "shutdown" . 
As a  consequence , thi s patter n evidence s a  widespread rebalancin g o f wester n Atlanti c deep -
water circulatio n durin g th e Lat e Quaternar y glacia l t o interglacia l transitions . 
A stron g negativ e relationshi p betwee n carbonat e preservatio n proxie s an d th e d 13C recor d 
(Bickert e t al. , 1997 ) suppor t a  linkag e betwee n change s i n th e deep-water  circulatio n an d car -
bonate preservatio n a t ODP-Sit e 92 7 (331 5 m) . 
An abrup t shif t t o generall y poorer  preservatio n o f planktoni c foraminifer a togethe r wit h th e hig -
hest curren t speeds , inferre d fro m th e mea n sortabl e sil t record , i s recognize d a t th e onse t o f 
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glacial stag e 12 . Thi s mark s th e beginnin g o f th e mid-Brunhe s dissolutio n cycl e i n th e wester n 
equatorial Atlantic . I n thi s regio n thi s phenomeno n migh t b e interprete d a s a  consequenc e o f 
climatic change s i n th e sourc e regio n o f th e NADW . 
After th e onse t o f glacia l stag e 1 2 (~48 0 ka) , a  muc h highe r variabilit y i s recorde d i n th e forami -
niferal preservatio n durin g bot h glacia l an d interglacia l periods . Thi s indicate s tha t change s i n 
carbonate preservatio n a t th e Cear a Ris e fro m the n o n no t onl y occu r i n respons e t o g lac ia l -
interglacial climati c change , bu t als o t o sub-orbita l tim e scales . 
Grain-size analysi s o f th e calcareou s sil t componen t fro m sediment s o n th e Cear a Ris e ind icat e 
that th e coarse r foraminifera l fragment s ar e les s resistan t t o carbonat e dissolutio n compare d t o 
coccoliths. Thi s qualifie s th e %  (10-6 3 urn ) sil t i n th e calcareou s sil t fraction s a s a  reliabl e too l 
for estimatin g carbonat e dissolution . 
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Remark 
Recent advance s wer e mad e concernin g th e controll in g factor s o f Amazo n sedimen t suppl y t o 
the souther n regio n o f th e Cear a Ris e (Ruhleman , C , Diekmann , B. , Mulitza , S. , an d Frank , M . 
2001. Lat e Quartemar y change s o f wester n equatoria l Atlanti c surfac e circulatio n an d Amazo n 
lowland climat e recorde d i n Cear a Ris e deep-se a sediments . Paleoceanography , 1 6 (3):293 -
305.). Thes e result s result s generall y confir m m y assumptio n o f botto m curren t induce d sedimen t 
sorting a t sit e 927 . Unfortunately , th e result s were publishe d afte r thi s manuscrip t wa s submitted . 
However, th e result s o f Ruhleman n e t al. , ar e considere d i n th e followin g tw o manuscripts . I n 
manuscript 3  a  broade r discussio n abou t th e depositiona l settin g a t th e Cear a Ris e i s provided . 
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Variability o f sil t grai n siz e an d planktoni c foraminifera l preservatio n i n Plio / Pleis -
tocene sediment s fro m th e wester n equatoria l Atlanti c (OD P Site 927 ) an d Carib -
bean (ODP Sit e 999) : Implication s fo r th e histor y o f Atlanti c Deep - an d Intermediate -
Water circulatio n 
M. Groger, R . Henrich T. Bickert 
University o f Bremen , Faculty o f Geosciences , Klagenfurte r Str . D-28334 Bremen , mgroeger@uni-bremen.de 
Abstract 
Records o f mea n sortabl e sil t an d planktoni c foraminifera l preservatio n fro m th e Cear a Ris e 
(western equatoria l Atlantic ) an d fro m th e Caribbea n ar e presente d t o analyz e th e Pliqcen e (3.5 -
2.2 Ma ) -  Pleistocen e (1.6-0. 3 Ma ) evolutio n o f near-botto m curren t strengt h an d th e carbonat e 
corrosiveness o f dee p water . Accordin g t o ou r result s a t th e Cear a Rise , glacia l period s i n th e 
Pleistocene ar e characterize d b y weake r bottom-curren t strength s an d a  highe r carbonat e corro -
siveness o f dee p wate r tha n interglacial s during . This i s interprete d t o reflec t a  reduce d circula -
tion i n th e Lowe r Nort h Atlanti c Dee p Wate r (LNADW ) cel l an d a  diminishe d flu x o f calcite -
saturated LNAD W to the wester n equatoria l Atlantic . Durin g th e mid-Pleistocen e climat e transi -
tion (~ 1 Ma ) a  drasti c decreas e i n glacia l bottom-curren t strengt h an d a n increas e i n carbonat e 
corrosiveness i s registered , demonstratin g a  substantia l decreas e i n th e glacia l contributio n o f 
LNADW t o th e Atlanti c Ocean . This i s consisten t wit h result s o f carbonat e preservatio n studie s i n 
the norther n Nort h Atlanti c tha t indicat e a  drasti c reductio n i n deep-wate r formatio n durin g thi s 
period (Henric h e t al. , i n press) . 
We foun d evidenc e fo r th e stronges t an d mos t stabl e circulatio n withi n th e LNADW  cel l durin g 
the norther n hemispher e coolin g perio d betwee n ~3. 2 an d 2.7 5 Ma . Thi s i s i n agreemen t wit h 
the "superconveyo r model " o f Raym o (1992 ) whic h postulate s th e highes t NAD W productio n 
prior t o -2. 7 Ma . A  considerabl e decreas e i n bottom-curren t strengt h an d planktoni c foraminif -
eral preservatio n ar e observe d synchronou s wit h th e firs t occurrence s o f large-scal e continenta l 
ice sheet s o n th e norther n hemisphere . Thi s document s th e fina l terminatio n o f th e 
"superconveyor" a t aroun d 2.7 5 Ma . However , ou r dat a d o no t suppor t a  "superconveyor " i n th e 
interval betwee n 3. 5 an d 3. 2 M a wher e high-amplitud e fluctuation s i n bottom-curren t flo w an d 
preservation i n planktoni c foraminifer a ar e observed . Becaus e o f th e grea t sensitivit y o f th e 
NADW productio n t o change s i n surfac e wate r salinity , w e assum e tha t high-amplitud e fluctua -
tions o f LNAD W circulatio n prio r t o ~3. 2 M a ar e linke d t o change s i n the Atlanti c salinit y budget . 
After 2.7 5 M a the y ar e primaril y controlle d b y ice-shee t forcing . 
In contras t t o th e stepwis e deterioratio n o f planktoni c foraminifera l preservatio n i n th e western 
deep Atlantic , a  tren d towar d bette r preservatio n fro m th e Pliocen e t o Pleistocen e i s observe d i n 
the dee p Caribbean . W e assum e tha t thi s relate s t o a  stepwis e increas e i n th e contributio n o f 
Upper North  Atlanti c Dee p Wate r t o th e Atlanti c Ocean . 
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1. Introduction 
Major change s i n Plio/Pleistocen e climat e histor y hav e bee n presume d t o b e couple d wit h re -
organisations i n th e globa l thermohalin e circulatio n (e.g . Broecker , 2000 , Broecke r an d Hender -
son, 1998 , Opp o e t al. , 1995) . I n particular , i t wa s suggested tha t variation s o f productio n rat e 
and flux o f Nort h Atlanti c Dee p Wate r (NADW ) to th e Souther n Ocea n wer e relate d t o a  reduc -
tion i n th e meridiona l hea t transfer , thu s amplifyin g th e Pliocene/Pleistocen e glaciation s (e. g 
Raymo e t al. , 1996 , Opp o e t al. , 1995 , Charle s an d Fairbanks , 1992) . 
At present , th e deep  Atlanti c i s occupie d b y tw o principa l wate r masses : 
(1) Lower NADW (LNADW) that i s produced b y supercoolin g an d dee p convectio n o f salin e sur -
face water s i n th e Norwegia n Greenlan d Se a (NGS ) an d Uppe r NAD W (UNADW) tha t i s mainl y 
formed i n th e Labrado r Se a (e.g . Marshal l an d Schott , 1999 , Dupless y e t al. , 1996 , Labeyrie , 
1992). 
(2) The northwar d expandin g Antarcti c Botto m Wate r (AABW ) i s a mixtur e o f ver y col d outflo w 
waters from the Weddell Se a an d ver y ol d waters, originatin g fro m th e Circumpola r Curren t (e.g . 
Reid, 1989). As a n olde r wate r mas s i t i s nutrien t and C0 2 rich , an d i s characterized b y lowe r 813C 
values of the SC0 2. 
Most studies agre e tha t during  th e Plio/Pleistocen e glacial s th e productio n o f LNAD W was sup-
pressed b y ice-shee t forcin g (e.g. , "th e blockin g off ' o f salin e surfac e water s fro m th e norther n 
North Atlanti c regions , Henric h e t al. , i n press) . Accordingly , it s contributio n t o th e Atlanti c 
Ocean wa s decreased (Opp o e t al. , 1995 , Raymo , e t al. , 1990 , Curr y e t al. , 1988 , Dupless y e t 
al., 1988) . 
In this stud y w e focus o n long-ter m change s i n th e histor y o f Nort h Atlanti c Dee p Wate r circula -
tion. I n particular , tw o period s o f fundamenta l globa l climat e chang e ar e considered : Th e tran -
sition t o large-scal e Norther n Hemispher e Glaciatio n (NHG ) a t ~3. 2 Ma , an d th e mid-Pleistocen e 
climate transitio n (MP T ~ 1 Ma) . Fo r ou r investigation s w e selecte d Ocea n Drillin g Progra m 
(ODP) sites from th e wester n equatoria l Atlanti c (OD P Sit e 927 , 5°27'N , 44°29'W ) t o monito r 
changes i n norther n sourc e deep-wate r circulatio n (LNADW) , an d fro m th e Caribbea n (OD P Sit e 
999, 12°45'N , 78°44'W ) t o monito r change s i n intermediate-wate r circulatio n (UNADW) . 
1.1 Regional  depositional  and  hydrological  setting 
Today, the western tropica l Atlanti c constitute s th e mai n passag e fo r th e meridiona l transfe r o f 
northern- an d southern-sourc e deep  an d intermediat e waters . Th e Cear a Ris e i s an idea l sit e fo r 
the reconstructio n o f pas t change s i n deep-wate r circulatio n becaus e i t intersect s thes e dee p 
water masse s a t a centra l positio n abou t halfwa y betwee n thei r sourc e regions . 
In the western equatoria l Atlanti c NAD W i s underlai n b y th e dense r an d nutrient-ric h AABW . Th e 
transition fro m NAD W to AABW is marke d b y decreases i n temperature , salinity , th e 3 13C of ZC0 2, 
and [C0 321 (Fig. 1, Kroopnick , 1985) . OD P Sit e 92 7 i s locate d a t th e northeaster n flan k o f th e 
Ceara Ris e (Fig . 2) a t approximatel y 330 0 m  water depth . Today , OD P Sit e 92 7 i s expose d t o 
the flo w regim e o f NADW . Becaus e o f th e slopin g topograph y betwee n th e broadl y extendin g 
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Fig. 1:  Configuration of  deep-  and  intermediate-water  masses  in  the  western  equatorial  Atlantic  as 
indicated by  the  calculated dC0 32' ion  concentration  (mmol/kg,  modified after  Groger  et  al.,  subm., 
and Haddad  and  Droxler,  1996).  The  thick line  indicates  the  pressure normalized  calcite  saturation 
state (d  [CO 32']=0) which  deepens  northward  due  to  the  greater  influence  of  NADW. 
AAIW=Antarctic Intermediate  Water,  NADW=North Atlantic  Deep  Water,  AABW=Antarctic  Bottom 
Water. Carbonate ion  distribution  from  GEOSECS  stations  34,  36,  37,  39,  40,  48,  49, 53,  54,  55, 
57, 58,  59,  60,  61,  64,  66,  67, 76  and 78.  (GEOSECS,  Bainbridge,  1981). 
Amazon fa n an d th e Cear a Ris e (Fig . 2) th e carbonate-corrosiv e AAB W i s presentl y restricte d t o 
the eastern slop e o f the Ceara Ris e (Rhein e t al. , 1998) . B y contrast , NAD W ha s bee n identifie d 
at bot h slope s o f th e Cear a Ris e (Rhei n e t al. , 1996) . A t th e Cear a Ris e the foraminifera l lyso -
cline lie s a t aroun d 420 0 m , whic h i s within th e dept h interva l o f th e moder n mixin g zon e be -
tween th e two water masse s (Fig . 1a, e.g . Bicker t e t al. , 1997a , Culle n an d Curry , 1997 , Tiede -
mann an d Franz , 1997) . 
Terrigenous materia l a t th e Cear a Ris e originate s mainl y fro m Amazo n rive r sedimen t discharg e 
being transporte d eastward , mainly  vi a th e Nort h Equatoria l Counte r Curren t (NECC , Fig . 2 , 
Riihlemann e t al. , 2001 , Tiedemann an d Franz , 1997) . Th e positio n an d intensit y o f th e NEC C 
is driven b y retroflectio n o f th e Nort h Brazi l Current , which , i n turn , i s controlle d b y th e Inter -
tropical Convergenc e Zon e (ITCZ) . A t present , th e NEC C i s strongest durin g th e secon d hal f o f 
the year , when the southern trade winds are stronges t an d push the ITC Z to it s northernmos t posi -
tion (Ruhlemann , 2001) . Therefore , durin g th e past , th e Amazo n sedimen t suppl y t o th e Cear a 
Rise ha s bee n relate d t o the equatoria l surface-curren t system , which wa s controlled b y th e pa -
leo-position o f th e ITC Z an d trade-win d intensit y (Ruhleman n e t al. , 2001 , Tiedeman n an d 
Franz, 1997) . However , anothe r importan t effec t o n th e sedimen t depositio n a t thi s sit e ha s re-
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Fig. 3:  Topographic  map  of  the  Caribbean  showing the  position of  ODP  site 999  in  the  Colombian 
Basin. Arrows indicate  the  modern  flow path of  Atlantic intermediate  waters  through  the  main  pas-
sages of  the  Caribbean  sill  front  (adapted  from  Roth  et  al.,  2000, and  Haddad  and  Droxler,  1996). 
1.2 Results from  previous studies 
Previous studie s o n Cear a Ris e sediment s hav e reveale d a  highl y variabl e histor y o f pas t 
changes i n carbonat e dissolutio n an d benthi c foraminifera l 3 13C (e.g. , Groge r e t al. , subm. , 
Bickert e t al. , 1997a,b , Curr y an d Cullen , 1997 , Culle n an d Curry , 1997 , Tiedeman n an d Franz , 
1997, Curry , 1996) . These change s were commonl y explaine d b y cycli c variation s i n th e dept h 
distribution o f NAD W and AAB W (e.g. , Bicker t e t al. , 1997a,b , Curr y an d Cullen , 1997 , Culle n 
and Curry , 1997 , Tiedeman n an d Franz , 1997) . Mos t studie s agre e tha t durin g glacia l period s 
NADW was reduce d an d compensate d fo r b y vertica l expansio n o f AAB W (e.g . Bicker t e t al. , 
1997a,b, Curr y an d Cullen , 1997 , Culle n an d Curry , 1997 , Tiedeman n an d Franz , 1997 , Bicker t 
and Wefer , 1996) . 
This model , however , i s base d primaril y o n geochemica l prox y record s whic h indicat e a  shoal -
ing o f th e carbonat e lysoclin e an d th e stee p vertica l gradient s o f benthi c foraminifera l 3 13C dur-
ing glacia l period s (e.g . Bicker t e t al. , 1997a,b , Curr y an d Cullen , 1997 , Culle n an d Curry , 1997 , 
Tiedemann an d Franz , 1997) . However , th e geochemica l proxie s ar e impracticabl e fo r th e stud y 
of th e physica l flo w characteristic s o f dee p waters . Focusin g o n thi s target , recen t studie s b y 
Groger e t al . (subm. ) an d Groge r an d Henric h (subm. ) provid e evidenc e tha t th e decrease d in -
fluence o f glacia l NAD W i n th e tropica l western  Atlanti c wa s accompanied b y a  weakening o f 
the bottom-curren t flo w regim e a t OD P Sit e 927 . Thi s findin g i s i n goo d agreemen t wit h th e 
commonly accepte d mode l indicatin g a  weake r circulatio n i n th e LNADW  cel l durin g glacial s 
(Groger e t al . subm., Groge r an d Henrich , subm). 
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In contrast t o th e reduce d flu x o f LNAD W to th e Atlanti c Ocea n basins , variou s evidenc e exist s 
that th e glacia l UNAD W productio n wa s enhance d throughou t th e Pliocene/Pleistocen e glacial s 
(e.g., Gerhard t an d Henrich , subm. , Opp o e t al. , 1995 , Raymo , e t al. , 1990 , Curr y e t al. , 1988 , 
Duplessy e t al. , 1988) . I n agreemen t wit h this , a n increase d glacia l influenc e o f uppermos t 
NADW in th e dee p Caribbea n ha s bee n indicate d b y benthi c foraminifera l 3 13C and carbonat e 
preservation studie s fo r th e Lat e Quaternar y (e.g . Hadda d an d Droxler , 1996 , Charle s an d Fair -
banks, 1992 , Opp o an d Fairbanks , 1990) . 
1.3 Background and  objectives 
In thi s stud y Lat e Pliocen e (3.4-2. 2 Ma ) an d Pleistocen e (1.5-0. 9 an d 0.8-0. 3 Ma ) record s o f 
planktonic foraminifera l shel l preservatio n an d sil t grain-siz e variabilit y ar e presente d t o monito r 
long-term change s i n deep-wate r chemistr y an d near-botto m curren t vigo r a t th e Cear a Rise . 
Ice-sheet dynamic s hav e bee n posutlate d a s a significan t influencin g facto r o n NAD W produc -
tion an d Atlanti c deep-wate r circulation . Hence , specia l interes t i s focuse d o n th e MPT , includ -
ing the shif t fro m smalle r ic e caps i n the 41 k.y . worl d t o th e mor e expande d one s i n th e moder n 
100 k.y . worl d a t aroun d 1. 0 M a (e.g . Raymo e t al. , 1997 , Imbri e e t al. , 1993) . Th e influenc e o f 
ice-sheet dynamic s o n NAD W production during  th e las t 3  m.y . ha s bee n recentl y investigate d 
by Henric h e t al . (i n press) . Fresh-water expor t fro m th e ic e sheets , the spreadin g o f low-salinit y 
layers o f pola r water s an d the "blockin g off ' o f salin e surfac e water s derive d fro m th e equatoria l 
regions ma y strongl y imped e deep-water  formatio n (Henric h e t al. , i n press) . 
During th e Lat e Pliocen e th e chang e fro m th e mid-Pliocen e warmt h (e.g . Raymo , e t al. , 1996 , 
Henrich an d Baumann , 1994 , Henric h e t al. , in press ) t o th e increasin g NH G occurred . Thi s wa s 
ultimately triggere d b y a n increas e i n th e Earth' s obliquit y amplitud e fluctuation s (Hau g an d 
Tiedemann, 1998 ) an d culminate d wit h th e growt h o f large-scal e continenta l ic e sheet s i n th e 
northern hemispher e a t -2.7 5 M a (Raym o e t al. , 1996 , Raymo , 1992) . Thi s wa s accompanie d b y 
a chang e i n th e Nort h Atlanti c Dee p Wate r circulation . Th e Lat e Pliocen e mode , wit h predomi -
nation o f NAD W i n th e Atlanti c Ocea n (e.g . th e "superconveyor " scenari o o f Raym o e t al . 
(1996)), change d stepwise , diminishin g NAD W contributio n t o th e Atlanti c a s indicate d b y ben -
thic foraminifera l 3 13C evidenc e (e.g . de Menocal , 1992 , Raym o e t al. , 1996 , Raymo , 1992) . 
Recently obtaine d carbonat e preservatio n record s from variou s site s i n th e norther n Nort h Atlan -
tic indicat e drasti c change s i n deep-wate r ventilatio n an d deep-wate r formatio n durin g th e MP T 
as well as i n th e mai n Phas e o f NH G (Henrich e t al. , i n press) . I n th e firs t par t o f thi s study , w e 
address the questio n o f whethe r analogou s change s i n carbonat e preservatio n and/o r bottom -
current vigo r ca n b e recognize d i n th e dee p wester n equatoria l Atlanti c a t a  cor e locatio n tha t 
is sensitive t o change s i n the LNADW  circulation (Sit e 927) . 
The secon d aspec t o f thi s stud y focusse s on th e Plio/Pleistocen e evolutio n o f Atlanti c interme -
diate-water circulation , whic h i s addresse d throug h a  comparativ e examinatio n o f planktoni c 
foraminiferal shel l preservatio n record s fro m the dee p Caribbea n a t OD P Sit e 99 9 an d th e dee p 
western Atlanti c a t OD P Sit e 927 . 
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2. Materia l an d method s 
2.1 Sampling  strategy 
ODP Site 92 7 Hol e A  was sampled a t ~20-c m interval s fro m 38.5 6 t o 62.3 8 an d fro m 84.5 3 t o 
125.80 meter s composit e dept h (mcd) . Thi s correspond s t o th e tim e interval s fro m ~0. 8 t o 1.5 5 
Ma an d -2.2-3. 4 M a an d yield s a n averag e resolutio n o f ~ 5 k.y . I n addition , w e includ e dat a fo r 
the mi d Pleistocen e (0.8-0. 3 Ma ) produce d b y Groge r e t al . (subm.) . Bicker t e t al . (1997b ) an d 
Tiedemann an d Fran z (1997 ) provid e ag e model s fo r OD P Le g 15 4 sites . Datin g i s base d o n 
tuning variation s o f th e magneti c susceptibilit y t o orbita l parameter s (fo r detail s se e Bicker t e t 
al., 1997 b an d Tiedeman n an d Franz , 1997) . 
ODP Sit e 99 9 Hol e A  was sampled fro m 9.1 1 t o 49.9 2 an d fro m 74.1 8 t o 110.0 7 meter s belo w 
sea floo r (mbsf) . Eac h o f the selecte d time sections was sub-sample d a t ~2 0 c m intervals , whic h 
is equivalen t t o approximatel y on e sampl e pe r 6  k.y . 
The Pleistocen e sectio n include s tw o majo r biostratigraphi c events : th e firs t appearanc e datu m 
of Emiliani  huxleyi  (C N 15 , 25 0 ka ) at ~8.7 1 mbs f (Kame o an d Bralower , 2000 ) an d th e firs t ap -
pearance datu m o f Gephyrocapsa  spp.  (large)  (CN 14a , 1.4 5 Ma ) a t ~51.2 1 mbs f (Kame o an d 
Bralower, 2000) . 
The Pleistocen e recor d o f %  whole-test foraminifer s ( % WTF ) i s applie d t o th e ag e mode l o f 
Sigurdsson e t al . (1997) . This ag e mode l i s based o n linea r interpolatio n betwee n majo r plank -
tonic foraminifer a an d calcareou s nannofossi l datum s (Sigurdsso n e t al. , 1997) . Th e dept h un -
certainty fo r thes e datu m i s abou t 1. 5 m  (Sigurdsso n e t al. , 1997) . Accordingly , th e uncertaint y 
associated wit h datin g o f individua l sample s ma y theoreticall y excee d 4 0 k y (=on e obliquit y 
cycle), an d thu s preven t interpretation s o n shorte r tim e scales . 
The Pliocen e record s o f planktoni c foraminife r preservatio n fro m Sit e 99 9 ar e applie d t o th e 
high-resolution ag e mode l develope d b y Hau g an d Tiedeman n (1998) . Thi s ag e mode l i s base d 
on th e adjustmen t o f benthi c 3 180 fluctuation s t o th e astronomicall y calibrate d benthi c 3 180 
records o f Site s 84 6 (Shackleto n e t al. , 1995 ) an d 65 9 (Tiedeman n e t al. , 1994) . 
2.2 Planktonic  foraminiferal  preservation 
The weakenin g an d breakag e o f foraminifera l shell s wit h progressiv e carbonat e dissolutio n lead s 
to a n enrichmen t o f foraminifera l fragment s i n th e >6 3 u. m fraction, an d thu s t o a  mas s transfe r 
from coarse r t o fine r fraction s (e.g . Berge r e t al. , 1982) . Hence , preservatio n o f planktoni c 
foraminifers wa s examined fo r shel l fragmentatio n t o estimat e th e corrosivenes s o f deep-wate r 
masses. 
The >6 3 |j, m fraction wa s separate d b y wet sievin g o f ~20 cc o f bul k sediment . Th e 125-50 0 u. m 
fraction wa s obtaine d b y dr y sieving , an d split s o f thi s materia l containin g a  minimu m 30 0 parti -
cles wer e use d t o produc e particl e count s o f whole-tes t planktoni c foraminifer s an d planktoni c 
foraminiferal shel l fragments . A  foraminifera l fragmentatio n inde x i s calculate d a s %  WT F 
(=100 X number o f whole foraminife r tests/(numbe r o f whole test s +  numbe r o f fragments)) . 
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2.3 Particle size  data 
McCave e t al . (1995 ) foun d th e 10-6 3 u. m mean siz e t o b e th e mos t usefu l paramete r fo r th e 
inference o f botto m curren t strength . Th e theoretica l an d empirica l basi s fo r th e us e o f th e 
mean sortabl e sil t (mean (SS)) paramete r a s an indicato r fo r paleo-curren t strength wa s establishe d 
by McCav e e t al . (1995) . Simpl y put , stronge r botto m current s produc e coarse r mean (SS) becaus e 
the >1 0 ur n fractio n behave s non-cohesivel y an d thu s i s mainly transporte d a s individua l parti -
cles i n the viscous sub-laye r (McCav e e t al. , 1995) . On the othe r hand , dee p ocea n current s ar e 
rarely strong  enoug h t o transpor t sand-size d particle s (McCav e e t al. , 1995) . Sortin g effect s du e 
to stron g botto m current s ar e therefor e recorde d almos t exclusivel y b y th e sortabl e sil t fractio n 
(10-63 um) . 
In order t o reduc e th e laborator y effort , grain-siz e analyse s wer e onl y carrie d ou t fo r ever y sec -
ond sample o n th e carbonate-fre e material , yieldin g a  resolutio n o f ~1 0 ky . Particle-siz e deter -
minations o f th e <6 3 ur n fractio n wer e mad e usin g a  Micromeritic s SediGrap h 510 0 ove r th e 
0.1-63 ^ . m range. Th e SediGrap h determine s particle-siz e distributio n fro m a  disperse d suspen -
sion i n a  settling tube , applyin g Stake' s la w for th e settlin g o f particles . Standar d method s fo r th e 
analytical procedur e ar e describe d i n detai l b y McCav e e t al . (1995) . 
Stein (1985 ) foun d tha t sample s containin g hig h concentration s o f montmorillonit e mineral s 
were difficul t t o analyze , becaus e o f thei r thixotropi c character , whic h increase s th e viscosit y o f 
the settlin g liqui d an d therefor e hinder s particle s i n settling . XR D studie s b y Debraban d e t al . 
(1997) detecte d hig h smectit e abundanc e i n sediment s fro m th e nearb y Amazo n fa n (e.g . 30 % 
to 50% o f th e cla y minerals) . Therefore , befor e runnin g th e SediGrap h measurements , cla y wa s 
separated usin g th e Atterber g metho d yieldin g a  clay residua l betwee n 3  an d 10 % i n th e ana -
lyzed samples . 
3. Results 
3.1 Particle-size data  at  site  927 
The Sedigrap h measurement s yielde d a n averag e sortabl e sil t abundanc e o f 9. 3 wt . % 
(o±2,5 %). Mean(Ss) sizes vary within a  siz e window betwee n 1 1 an d 1 9 u.m . Thi s i s comparabl e 
with result s obtaine d fro m sedimentar y drifts , e.g. , th e Blake-Baham a Oute r Ridg e (Bianch i e t 
al., 2001 ) an d fro m th e North  Atlanti c (Garda r Drift , Bianch i an d McCave , 1999) . T o accoun t fo r 
the uncertaint y associate d wit h individua l mean (Ss) measurement s w e calculate d erro r estimate s 
on mean (Ss) afte r th e metho d o f Bianch i e t al . (1999) . Generally , th e analytica l precisio n usin g a 
SediGraph 510 0 i n th e determinatio n o f th e mean (Ss) decrease s wit h lowe r %  sortable sil t 
(Bianchi e t al . 2001 , Bianch i e t al. , 1999) . Th e erro r estimates ar e expresse d a s erro r bar s fo r 
individual samples . Th e result s ar e show n i n Figur e 4. 
The Pliocene-Pleistocen e evolutio n i s characterize d b y a  long-ter m decreas e i n averag e 
mean(ss) values , whic h i s parallele d b y a  drasti c increas e i n amplitude s towar d th e mid -
Pleistocene. Thi s patter n result s mainl y fro m a n extrem e decreas e i n th e recorde d minima . B y 
contrast, maxim a remai n nea r th e sam e leve l throug h th e entir e record . 
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0.4-
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0.8-
mid-Pleistocene 
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3.2-
3.4 
3.6 
Onset of large-scale 
Northern Hemisphere 
Continental glaciation 
Phase 
Pleist-3 
Phase 
Pleist-2 
(ss, terr) 
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Fig. 4:  Pliocene  to  Pleistocene  record  of  calculated mean  grain  diameters  from  the  sortable  silt  (10-63  urn) 
fractions at  Site  927,  western  equatorial  Atlantic.  The  trend lines  indicate  major  steps  in  the Pliocene  and 
Pleistocene history  of  Atlantic deep-water  circulation. 
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a) 
We subdivid e th e Pliocen e interva l int o thre e phases , a s distinguishe d b y differen t amplitud e 
characteristics (Fig . 4) . Phas e Plio- 1 (3.5-3. 2 Ma ) i s characterized b y larg e amplitude s tha t be -
come graduall y smalle r durin g th e transitio n t o Phas e Plio- 2 du e t o large r value s i n th e recorde d 
mean(Ss) minima . Phas e Plio- 2 (3.2-2.7 5 Ma ) exhibit s th e smalles t amplitud e fluctuation s 
throughout th e entir e record . A  pronounce d shif t t o hig h amplitud e fluctuation s i s observe d a t 
2.75 Ma , markin g th e beginnin g o f Phas e Plio- 3 (2.75-2. 2 Ma) , whic h als o display s a  mino r shif t 
to coarse r minim a a t ~2. 5 M a (Fig . 4). 
A three-phase d divisio n i s also recognise d i n th e Pleistocen e (Fig . 4) . Highe r amplitude s ar e 
observed durin g Phas e Pleist- 1 (1.6-1. 3 Ma) . Lowe r amplitud e fluctuation s an d coarse r minimu m 
extremes ar e registere d durin g Phas e Pleist- 2 (1.3-0.9 5 Ma) . Phas e Pleist- 3 (0.95-0. 3 Ma ) dis -
plays th e highes t amplitud e fluctuation s throughou t th e record . Phas e Pleist- 3 i s separated fro m 
Phase Pleist- 2 b y a  pronounce d shif t a t aroun d 0.9 5 Ma . 
Unique t o Phas e Pleist- 3 i s the occurrenc e o f extraordinaril y fin e mean (ss) minima , generall y 
less than -1 2 u. m (arrows i n Fig . 5b) . Compariso n wit h th e benthi c foraminifera l 3 180 recor d o f 
Bickert e t al . (1997b , Fig . 5c ) verifie s tha t thes e event s occu r a t th e glacia l t o interglacia l transi -
tions (see als o Grdge r e t al. , subm.). 
Consistent wit h previou s result s from Groge r e t al . (subm.) , th e Pleistocen e change s i n mean (SS) 
are relate d t o glacial-interglacia l cycle s o f deep-wate r circulatio n a s indicate d b y th e goo d 
covariance wit h th e benthi c 8 180 and 8 13C records fro m Bicker t e t al . (1997 ; Fig . 5b an d c) . 
13^ 
8' C  (C. wuellerstorfi) 
1.5 1 0.5 0 -0.5[%o] 
c) 1f t 
d 0(C.  wuellerstorfi) 
4.5 [%°] 
Fig. 5:  Comparison  of  (a)  benthic 
foraminiferal d13C (Cibicides 
wuellerstorfi, Bickert  et al., 1997), (b) 
mean(SSy and  (c) benthic foraminifer 
d180 (Cibicides  wuellerstorfi, Bickert 
et al.,  1997)  for the  early  and  mid-
Pleistocene intervals  at  site  927. 
Note: Because  of  the  negative 
relationship to ice volume,  the scale 
of the  mean, SS) and  d 13C plots are 
inversed to illustrate the relationship 
with (a).  Black  arrows  mark 
extraordinarily fine  mean (SS) 
extremes at the glacial to interglacial 
transitions. 
18 1 6 
b) Mea n 
12[^m] 
(ss, terr) 
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3.2 Planktonic  foraminiferal  preservation  at  ODP  Site  927 (western  equatorial  Atlantic) 
The recor d o f %  WTF exhibit s remarkabl e similaritie s t o th e mean (Ss) curve . Figur e 6a display s a 
stepwise decreas e i n planktoni c foraminifera l preservation , a  patter n tha t i s parallele d b y a n 
increase i n amplitude s fro m th e lat e Pliocen e towar d th e Pleistocen e intervals . 
a) Site 927 
. L N A D W  + 
b) Site 999 
U N A D W  + 
i '  l  '  r 
20 4 0 6 0 
dissolution.... 
80 %WTF 20 - 1 0 0 % WTF 40 6 0 8 0 
+ dissolutio n -
Figure 6: a) Pliocene to Pleistocene record of % whole-test foraminifers derived from particle counts of the 
125-500 um fraction for (a) ODP site 927 (western equatorial Atlantic) and (b) for ODP site 999 (Caribbean). 
The tren d line s indicat e majo r step s i n th e Pliocen e an d Pleistocen e histor y o f planktoni c foraminifera l 
preservation. 
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During th e Pliocen e thre e phase s with differen t pattern s ar e recognise d i n th e %  WT F recor d 
(Fig. 6a) simila r t o thos e describe d i n the mean (Ss) curve (Fig . 3). Th e bes t preservatio n an d low -
est amplitudes ar e registere d durin g Phas e Plio- 2 (from~3. 1 t o -2. 7 Ma ) with value s al l above 7 0 
% WTF (Fig . 6a). Phas e Plio- 1 (3.5-3.1 Ma ) show s slightl y wors e preservatio n compare d t o Phas e 
Plio-2. Th e poores t preservatio n an d highes t amplitude s ar e bserve d i n Phas e Plio-3 , startin g a t 
~2.7 Ma , where a  drasti c decreas e o f the recorde d minim a i s registered . A  dissolutio n maximu m 
is indicated aroun d 2. 3 M a (Fig . 6a) wit h onl y 2 0 %  WTF. 
Confirming earlie r result s o f Groge r e t al . (subm. ) th e Pleistocen e high-amplitud e fluctuation s i n 
planktonic foraminifera l preservatio n ar e relate d t o glacial-interglacia l change s i n deep-wate r 
circulation. Thi s i s indicate d b y th e goo d covarianc e wit h th e benthi c foraminifera l 3 180 an d 
313C records fro m Bicker t e t al . (1997 Fig . 7). Preservatio n i s generall y bette r durin g interglacials . 
Maximum foraminifera l preservatio n occur s a t th e glacia l t o interglacia l transition s (se e als o 
Groger e t al.,subm.) . 
The glacia l minim a i n carbonat e preservatio n ar e muc h mor e pronounce d i n th e younge r sec -
tions, whil e interglacia l preservatio n maxim a ar e simila r t o thos e recorde d durin g th e Pliocen e 
(Fig. 6a). However , a  shor t perio d with bette r preservatio n i s observe d durin g Phas e Pleist- 2 (1.3 -
1.1 Ma) , wher e onl y on e valu e fall s belo w 6 0 % WT F (Fig . 6a) . Highes t amplitud e fluctuation s 
are found durin g Phas e Pleist- 3 (1.1-0. 3 Ma , Fig . 6a). Glacia l period s younge r tha n 48 0 k a show 
a drastic increas e i n frequenc y togethe r wit h a  shif t t o generall y wors e preservatio n Thi s even t i s 
associated wit h a  globa l sequenc e o f carbonat e dissolutio n event s relate d t o th e mid-Brunhe s 
dissolution cycl e aroun d oxyge n isotop e stage s (OIS ) 1 2 an d 11 , and i s discussed i n detai l b y 
Groger e t al . (subm.) . 
3.3 Planktonic foraminifera  preservation  at  ODP  site 999  (Caribbean) 
Relatively hig h amplitud e fluctuation s o f planktoni c foraminifera l preservatio n ar e observe d 
throughout th e entir e recor d (Fig . 6b). Preservatio n i s generall y wors e durin g th e Pliocen e inter -
val. I n genera l bot h th e maxim a an d minim a exhibi t highe r fragmentatio n level s i n th e Pliocen e 
compared t o thos e recorde d durin g th e Pleistocene . A  shif t towar d considerabl y bette r preserva -
tion occurs a t ~3. 3 Ma . Th e bes t preservatio n durin g th e Pliocen e i s observe d a t aroun d 2. 5 M a 
with values exceedin g 8 0 %  WTF (Fig . 6b). 
The Pleistocen e histor y a t thi s sit e ca n b e subdivide d int o thre e step s (Fig . 6b) . Th e poores t 
preservation i s registere d fro m 1.5-1. 0 Ma . Here , distinc t dissolutio n spike s occur a t 1. 3 an d M a 
1.0 M a with value s fallin g belo w 4 0 %  WTF. Betwee n 1.0-0. 7 Ma a  shor t interva l wit h th e lowes t 
indices follows , wher e value s neve r fal l belo w 8 0 %  WTF. I n th e younges t section , a  retur n t o 
higher amplitud e fluctuation s wit h prominen t dissolutio n event s aroun d 450 , 600 , an d 70 0 M a i s 
recorded. 
4. Discussion 
4.1. The  depositional control  of  mean (Ss) at ODP site 927 
Sediment suppl y t o th e Cear a Ris e ma y b e controlle d b y th e regiona l equatoria l surface-wate r 
hydrology (Ruhlemann , 2001) . However , Groge r an d Henric h (subm. ) hav e demonstrate d tha t th e 
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Fig. 7:  Comparison  of  (a)  %  whole-test  foraminifers  and  (b)  benthic  foraminiferal  d 13C (Cibicides 
wuellerstorfi, Bickert  et  al.,  1997)  with  (c)  benthic foraminiferal  d 180 (Cibicides wuellerstorfi,  Bickert 
et al.,  1997)  for  the  early  and  mid-Pleistocene  intervals  at  site 927. 
meanest a t sit e 92 7 i s controlle d b y th e weakening an d strengthenin g o f bottom-curren t intensity . 
The mai n argumen t fo r thi s assumptio n i s th e goo d correlatio n betwee n th e mean (Ss) record s 
generated fro m th e terrigenou s (lithogenic ) an d th e biogeni c (calcareous ) sil t component s 
(Groger e t al. , subm.) , pointin g t o post-depositiona l processe s o f sedimen t sortin g (Robinso n an d 
McCave, 1994) . Additiona l corroboratio n ha s bee n recentl y obtaine d fro m mean (Ss) record s fro m 
ODP Sit e 929 , whic h i s located farther  t o th e eas t an d deepe r o n th e Cear a Ris e a t ~437 0 m 
water depth . Throughou t th e Brunhe s epoc h (0.8-0. 3 Ma) , th e sit e 92 9 recor d display s mean (Ss) 
values u p t o 8  u. m higher tha n thos e fro m th e shallowe r sit e 92 7 (Groge r an d Henrich , subm.) . 
Because o f th e proximit y o f th e tw o sites , i t i s very unlikel y tha t difference s i n surface-wate r hy -
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drography coul d explai n thes e larg e vertica l difference s i n mean (Ss). I n addition , spectra l analy -
sis of the mean (Ss) records from site 927 an d 92 9 reveal s tha t mos t o f th e spectra l powe r i s con -
centrated a t th e eccentricit y an d obliquit y frequenc y bands , wit h onl y wea k an d statisticall y 
insignificant powe r a t th e precessio n frequenc y ban d (Groge r an d Henrich , subm.) . O n th e othe r 
hand, Ruhleman n e t al . (2001 ) demonstrate d tha t th e terrigenou s sedimen t suppl y t o th e Cear a 
Rise varied wit h a  strong  precessiona l 2 3 k.y . periodicity , du e t o it s linkag e t o th e equatoria l 
trade wind system. Thus, the lac k o f significan t powe r i n th e precessio n frequenc y ban d fo r th e 
mean(Ss) record s fro m sit e 92 7 an d sit e 92 9 clearl y argue s agains t a  contro l b y th e equatoria l 
surface-current syste m (Groge r an d Henrich , subm.) . I n conclusion , w e conside r th e mean (Ss) 
variability t o b e mainly  controlle d b y variation s i n bottom-curren t vigor . A  detaile d discussio n o f 
mean(SS) contro l a t the N E flank o f the Cear a Ris e i s provided b y Groge r an d Henric h (subm.) . 
The questio n whethe r bottom-curren t strengt h a t th e Cear a Ris e i s relate d t o th e strengt h o f cir -
culation withi n th e LNAD W cel l i s o f basi c relevanc e fo r th e interpretatio n o f th e mean (Ss) proxy . 
In Figur e 4  w e compar e th e Pleistocen e recor d o f mean (Ss) with th e benthi c 3 13C values. Th e 
benthic 3 13C proxy broadl y reflect s th e nutrien t conten t o f th e wate r mas s whil e th e mean (Ss) 
proxy i s directl y relate d t o th e physica l flo w regim e which transport s thes e water s (Bianch i e t al. , 
2000). Nevertheless , despit e th e differen t natur e o f the two proxies , the y appea r t o correlat e ver y 
well throughou t th e Pleistocen e (Fig . 4 , a  an d b) . This argue s fo r a  couplin g betwee n th e bot -
tom-current velocitie s a t th e Cear a Ris e an d th e effectiv e circulatio n strengt h withi n th e LNAD W 
cell, becaus e onl y th e geostrophi c current s shoul d b e capabl e o f influencin g bot h th e physica l 
flow an d th e geochemica l propertie s o f deep  waters . 
4.2. Pliocene-Pleistocene  trends  in  the  history  of  bottom  current  strength  and  planktonic 
foraminifer preservation in  the western  equatorial  Atlantic  (site  927) 
Results from benthi c foraminifera l 9 13C studies a t OD P sit e 60 7 documen t th e transitio n i n th e 
mid-Pliocene fro m a  stron g flu x o f LNAD W (e.g . superconveyo r model ) t o a  progressivel y de -
creasing LNAD W influenc e i n the Atlanti c Ocea n (Raymo , 1992 , Raym o e t al. , 1989 , Ruddima n 
et al. , 1989) . Thi s evolutio n i s clearly displaye d b y th e mean (sS) curve , whic h indicate s a  con -
siderable decreas e i n averag e bottom-curren t strengt h a t th e Cear a Ris e durin g th e Pliocen e t o 
Pleistocene glacial s (Fig . 3), an d thus , a  glacia l weakenin g o f circulatio n withi n th e LNAD W cel l 
from th e mid-Pliocen e towar d th e Pleistocene . Additionally , th e progressiv e worsenin g o f plank -
tonic foraminifera l preservatio n i n younge r glacial s (Fig . 5a ) reflect s a  progressiv e decreas e i n 
the volume o f NAD W i n th e wester n equatoria l Atlantic . 
The two parameter s clearl y exhibi t a  three-phas e evolutio n durin g bot h th e Pliocen e an d Pleis -
tocene interval s (Fig . 3 , 5a) . Difference s betwee n th e tw o proxie s i n th e timin g o f phas e transi -
tions ar e likel y t o b e relate d t o differen t respons e time s t o climaticall y induce d change s i n 
LNADW production betwee n th e physic s o f dee p wate r flo w an d th e mor e comple x interaction s 
in th e carbonat e syste m (Groge r an d Henrich , subm.) . I n eac h phas e distinc t mode s o f deep -
water circulatio n i n th e wester n equatoria l Atlanti c ar e recorded . I n orde r t o fin d th e trigge r fo r 
the transitions i t i s reasonabl e t o focus o n synchronou s change s i n the Nort h Atlanti c Dee p Wate r 
production, which control s th e NAD W flu x t o th e Souther n Ocean . 
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4.3 Early  Pleistocene  to  mid-Pleistocene  stepwise  changes  in  deep-water  circulation  in  the  west-
ern equatorial  Atlantic 
Short-term fluctuation s o f th e mean (Ss) curv e sho w a  positiv e relationshi p t o th e benthi c 8 13C 
record, an d a  negativ e relationshi p t o ic e volum e a s recorded b y th e 3 180 record (Fig . 4) . Thi s 
indicates tha t th e deep-wate r mas s was les s well ventilate d durin g glacia l period s o f reduce d 
current strength . Th e %  WTF fluctuation s ar e positivel y relate d t o th e benthi c 3 13C record an d 
negatively relate d t o th e benthi c 3 180 record (Fig . 6) . Thi s indicate s a  lowe r glacia l carbonate -
ion conten t o f th e deep  wate r mas s during glacial s an d thu s evidence s a  diminishe d influenc e 
of NADW . Altogether , thi s point s to a  considerabl y weake r circulatio n i n th e LNAD W cel l durin g 
the Pleistocen e glacial s compare d t o th e interglacial s (se e als o Groge r e t al. , subm.) . 
Superimposed o n thes e short-ter m orbitall y induce d changes , th e Pleistocen e histor y o f bottom -
current strengt h an d deep-wate r chemistr y a t the Cear a Ris e i s marked b y long-ter m change s a s 
illustrated b y prominen t shift s i n the mean (Ss) an d %  WTF record . 
The transitio n fro m th e earl y Pleistocen e Phas e Pleist- 1 (1.6-1.3 ) t o Phas e Pleist- 2 (1.3-0.95 ) i s 
marked b y decreasin g amplitude s i n the mean (Ss) (Fig. 3,4b) an d the %  WT F record s (Fig . 3 , 5a) . 
Higher amplitude s ar e characteristi c o f Phas e Pleist-1 , indicatin g tha t th e glacial-interglacia l 
differences i n deep-wate r chemistr y an d bottom-curren t strengt h ar e mor e extrem e tha n i n Phas e 
Pleist-2. 
In the NG S (e.g. , th e mai n are a o f LNAD W formatio n i n the moder n Atlanti c (Dickso n an d Brown , 
1994, Dupless y e t al. , 1996) ) thi s tim e interva l i s characterize d b y extrem e change s i n carbonat e 
preservation (Henric h e t al. , i n press.) . This i s interpreted t o reflec t stepwis e change s i n deep -
water production , whic h wer e mainly  drive n b y th e northwar d expnasio n o f th e entrainmen t o f 
saline surfac e water s int o thi s are a vi a th e Proto-Atlanti c Curren t (Henric h e t al. , in press.) . 
This give s ris e t o th e possibilit y tha t durin g th e period s o f enhanced entrainmen t o f salin e water s 
into th e NG S (e.g. , interglacials) , th e deep-wate r produce d ther e wa s dense enoug h t o contrib -
ute t o th e LNADW . This , i n turn , woul d hav e reinforce d th e circulatio n i n th e LNADW  cell , result -
ing i n stronge r botto m current s recorde d a t sit e 927 . I n contrast , durin g glacia l periods , whe n th e 
entrainment o f salin e water s int o th e NG S wa s suppressed b y large r ic e sheets , deep-wate r con -
tribution wa s mainl y limite d t o th e UNADW . This woul d hav e weakene d th e LNAD W circulatio n 
and le d t o weake r botto m current s a t sit e 927 . Thi s migh t explai n th e stronge r glacial -
interglacial contrast s i n bottom-curren t strengt h durin g Phas e 1 . 
After 1. 3 Ma , however , th e situatio n changed . Th e record s displa y a  decrease i n amplitude s an d 
glacial mean (SS) minim a ar e significantl y coarse r compare d t o Phas e Pleist- 1 (Fig . 3) . Thi s sug -
gests tha t Phas e Pleist- 2 (1.3-0.9 5 Ma) wa s a perio d o f rathe r stabl e botto m current s a t sit e 92 7 
and, thus , point s t o a  persisten t strong  circulatio n withi n th e LNADW  cell . Moreover , bette r pres -
ervation o f planktoni c foraminifer s i s registere d durin g Phas e Pleist- 2 wit h onl y on e valu e fallin g 
below 5 0 % WTF a t -1.2 5 M a (Fig . 5a) . Thi s point s t o a n increase d influenc e o f LNAD W i n th e 
western equatoria l Atlantic . 
The shif t from Phas e Pieist- 2 t o Phas e Pleist- 3 display s ver y fundamenta l change s contempora -
neous with th e MP T betwee n 1, 1 an d 0, 7 Ma . A t th e Cear a Ris e thi s perio d include s th e mos t 
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extreme decrease s i n glacia l bottom-curren t strengt h an d a  shif t towar d a  highe r glacia l nutrien t 
content o f th e deep-wate r mas s a t sit e 92 7 (se e the ver y pronounce d benthi c 3 13C minima i n Fig . 
4a). W e conclud e that , contemporaneousl y wit h th e establishmen t o f th e moder n mega-scal e 
glaciations durin g th e MP T (e.g. , Imbri e e t al. , 1993) , a  pronounce d weakenin g o f circulatio n 
within th e LNAD W cel l durin g glacial s occurred . I n agreemen t wit h thi s w e observ e a  consider -
able decreas e i n glacia l planktoni c foraminifera l preservatio n (Fig . 5a ) durin g Phas e Pleist-3 , 
portraying th e diminishe d LNAD W influenc e i n th e equatoria l Atlantic . 
By contrast , th e interglacia l maxim a o f meanes t an d foraminifera l preservatio n remaine d nearl y 
at th e sam e leve l throughou t th e Pleistocen e indicatin g a  persisten t stron g circulatio n i n th e 
LNADW cel l durin g interglacials . 
Widespread change s associate d wit h th e MP T ar e als o recognize d i n carbonat e preservatio n 
records from th e NGS , Labrado r Sea , an d Nort h Atlanti c (Henric h e t al. , in press.) . Thi s indicate s 
that th e norther n deep-water  productio n area s shifte d int o anothe r mod e o f operation . A  se -
quence o f gradua l shift s toward bette r carbonat e preservatio n occur s betwee n 1. 1 an d 0. 7 Ma , 
and expands successivel y farthe r int o norther n an d western region s o f th e NGS . I t appear s plau -
sible tha t wit h th e increase d recruitin g fro m northernmos t area s i n the NG S fo r th e overal l south -
ern deep-wate r export , th e productio n o f LNAD W change d t o a  modu s whic h becam e mos t vul -
nerable t o glacial-interglacia l induced-change s i n sea-ic e expansio n i n thi s region . Conse -
quently, th e densit y o f dee p waters produce d i n the NG S was sufficien t t o guarante e a  contribu -
tion int o th e LNAD W laye r preferentiall y durin g interglacia l period s (Henric h e t al. , i n press) . 
Accordingly, durin g interglacial s only , whe n th e NG S wa s fo r th e mos t par t ice-free , a  strong 
circulation coul d b e maintaine d withi n th e LNAD W cell . Unde r thes e conditions , th e transitio n 
from the smalle r ic e sheet s o f the 41 k.y . worl d t o the developmen t o f large r ic e cap s durin g th e 
100 k.y . worl d mus t hav e triggere d th e significan t weakenin g o f circulatio n i n th e LNAD W cel l 
during glacia l periods . 
In summary, th e recorde d shift s i n deep-water prox y record s fro m th e wester n equatoria l Atlanti c 
associated wit h th e MP T ca n b e understoo d a s a direc t respons e t o th e climaticall y induce d 
changes i n bot h deep-wate r an d sea-ic e formatio n i n th e NGS . 
Another fundamenta l differenc e betwee n th e Phase s Pleist- 3 an d Pleist- 2 i s th e characte r o f th e 
glacial t o interglacia l transitions . Durin g an d afte r th e MPT , th e transition s ar e characterize d b y 
rapid shift s fro m ver y lo w t o hig h mean (Ss) values (se e arrows i n Fig . 4b) . Groge r e t al . (subm. ) 
proposed a  "shutdown " scenari o o f LNAD W productio n cause d b y meltwate r discharg e event s i n 
the Nort h Atlanti c tha t lowe r th e salinit y o f the surfac e wate r i n th e LNAD W formation area . Fig -
ure 4b illustrate s tha t suc h event s ar e only observe d durin g Phas e Pleist-3 . Th e absenc e o f suc h 
events prio r t o th e MP T ma y b e explaine d b y th e les s extensive sea-ic e coverin g (Janse n an d 
Sjoholm, 1991 , Henrich an d Baumann , 1994 , Raymo , 1992 ) and/o r ma y b e attribute d t o a  mor e 
southerly positione d cente r o f LNAD W formation i n th e NGS . Th e occurrenc e o f thes e events , 
however, furthe r illustrate s th e increase d vulnerabilit y o f LNAD W formatio n afte r th e MPT . 
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4.3 The  Late  Pliocene 
The Pliocen e interva l show s a three-phase evolutio n i n bottom-curren t strengt h an d planktoni c 
foraminiferal preservatio n (Fig . 3 , 5a) . 
During Phas e Plio- 1 (3.5-3. 2 Ma ) th e rathe r unstabl e circulatio n i n th e lowe r NAD W cell i s evi -
denced b y highe r amplitud e fluctuation s exhibite d i n th e mean (Ss) recor d (Fig . 3) . Th e shif t t o 
Phase Plio- 2 (3.2-2,7 5 Ma ) resulte d i n a  stronge r an d mor e stabl e circulatio n durin g th e intensi -
fication o f NHG , whic h endure d unti l ~2.7 5 M a (evidence d b y a  drasti c decreas e i n amplitude s 
and a n increas e i n averag e mean <Ss) values, Fig . 3) . I n addition , th e excellen t preservatio n o f 
foraminifera durin g Phas e Pleist- 2 i s indicativ e o f th e predominanc e o f wel l ventilate d NAD W in 
the wester n equatoria l Atlantic . 
Both th e NAD W predominanc e an d th e strong  circulatio n indicate d fo r Phas e Plio- 2 suppor t th e 
"superconveyor belt " mode l o f Raym o (1992 ) an d Raym o e t al . (1996) , whic h i s base d o n ben -
thic 3 13C evidence . I t postulate s highe r NAD W productio n befor e th e initiatio n o f majo r NHG . 
This situation , however , change s drasticall y wit h th e beginnin g o f Phas e Plio- 3 wher e consider -
able decrease s i n th e recorde d mean (Ss) minim a (Fig . 3 ) and %  WTF minim a (Fig . 5a ) ar e ob -
served. Th e timin g o f thi s shif t coincide s wel l wit h th e firs t occurrenc e o f large-scal e continenta l 
ice shield s a t abou t 2.7 5 Ma . Thi s i s indicate d b y th e massiv e appearanc e o f ice-rafte d debri s i n 
northern hig h latitud e ocean s (Thied e e t al. , 1998 , Janse n an d Sjoholm , 1991 , Shackleto n e t 
al., 1984 ) an d oxygen-isotop e evidenc e (e.g . Raym o e t al. , 1992) . 
Interestingly, a  contemporaneou s shif t ha s bee n detecte d i n carbonat e preservatio n record s fro m 
the NGS . Th e overal l goo d carbonat e preservatio n befor e -2. 8 M a i s replace d b y generall y poo r 
carbonate preservatio n i n th e southeastern  NG S fro m 2. 8 t o 1. 9 M a (Henric h e t al. , i n press.) . 
This indicate s th e beginnin g o f a  drasti c decreas e i n deep-wate r productio n i n thi s are a 
(Henrich e t al . i n press.) . W e conclude  that , wit h th e appearanc e o f large-scal e continenta l ic e 
sheets i n th e Norther n Hemisphere , circulatio n i n th e LNADW  cel l becam e considerabl y sup -
pressed i n a  manne r simila r t o th e moder n modu s o f ic e sheet-forcin g (e.g . Henric h e t al. , i n 
press.). This drastic chang e resulte d i n th e terminatio n o f th e superconveyor . Highe r amplitud e 
fluctuations, however , observe d durin g Phas e Plio- 1 i n the record s o f mean (Ss) (Fig . 3 ) an d %WT F 
(Fig. 5a ) indicat e tha t th e LNAD W circulation remaine d stron g a t leas t durin g warme r period s 
when th e larg e ic e sheet s retreated . 
On th e othe r hand , highe r amplitud e fluctuation s i n mean (ss) and %  WTF indicat e a  rathe r un -
stable LNAD W circulatio n durin g Phas e Plio- 1 (Fig . 3 , 5a) . Thi s argue s agains t th e presenc e o f a 
superconveyor prio r t o ~3. 2 Ma . Sinc e ther e i s no evidenc e o f larg e ic e accumulation s i n th e 
Northern Hemispher e a t thi s time , th e moderatel y fluctuatin g LNADW  circulatio n ca n no t b e 
plausibly explaine d b y ice-shee t forcing . Notably , th e transitio n fro m a  somewha t fluctuatin g 
mode t o th e mor e stabl e circulatio n a t aroun d 3. 2 M a coincide s wel l wit h th e inceptio n o f 
strong coolin g o n th e Norther n Hemispher e (Hau g an d Tiedemann , 1998 , Thied e e t al. , 1998 , 
Raymo e t al. , 1996 , Raymo , 1992 , Loubere , 1988 , Keigwin , 1987) . I n orde r t o understan d th e 
extraordinarily stabl e LNAD W circulatio n betwee n -3. 2 an d 2.7 5 M a (an d th e weake r circulatio n 
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prior t o 3. 2 Ma) , w e discus s belo w thre e possibl e mechanisms , eac h o f the m assumin g th e 
northern high-latitud e coolin g startin g a t 3. 2 M a a s a  necessar y precursor . 
1) One explanatio n ma y b e tha t th e densit y o f dee p water s produce d i n th e NG S befor e th e in -
ception o f strong  coolin g a t 3. 2 M a wa s not sufficien t t o suppor t a  continuou s deep-wate r en -
trainment int o th e lowe r NAD W cell . Suc h condition s coul d b e attaine d b y a  lowe r salinit y o f 
Atlantic surfac e water s enterin g th e NGS . I n the moder n worl d th e salinit y o f th e Atlanti c Ocea n 
is linked t o the ne t atmospheri c expor t o f wate r vapo r throug h th e Centra l America n pathwa y t o 
the Pacifi c Ocean , whic h i s drive n primaril y b y th e trad e wind s (e.g. , Stocke r an d Wright , 1991 , 
Zaucker e t al. , 1994) . Th e salinit y o f th e Atlanti c Ocea n i s a  crucia l facto r fo r NAD W productio n 
and th e maintenanc e o f globa l thermohalin e circulatio n (Broecke r e t al. , 1990) . W e speculat e 
that the stron g coolin g a t norther n hig h latitude s afte r ~3. 2 M a migh t hav e intensifie d th e pole -
to-equator gradient s i n temperature an d air pressure . I n this case the N E trad e wind s woul d hav e 
been strengthend , triggerin g a  highe r ne t expor t o f wate r vapo r fro m th e Atlanti c t o th e Pacifi c 
Ocean. Thi s woul d hav e resulte d i n a  salinit y increas e i n th e Atlanti c Ocea n favorin g th e pro -
duction o f dense r dee p water s a t hig h norther n latitudes . S o far , however , n o prox y dat a exis t 
that would sugges t suc h a  strengthening o f trade winds durin g th e require d tim e frame . 
Another mechanis m tha t coul d increas e th e densit y o f deep  water s i s a  lowerin g o f th e tempera -
ture of surface water s entering th e NGS . Today , thes e waters are coole d t o a  temperatur e o f 2 -
4 °C by the col d dr y wind s streamin g of f Canad a an d Greenland . Intensificatio n o f thes e wind s 
during th e perio d o f Norther n Hemispher e coolin g (betwee n -3. 2 an d 2.7 5 Ma ) migh t hav e 
acted a s a  further positiv e feedbac k fo r th e productio n o f dense r dee p waters . Mode l simulation s 
have suggeste d a n intensificatio n o f thes e wind s resultin g fro m th e enhancemen t o f pressur e 
gradients betwee n th e Icelandi c lo w an d Azore s high-pressur e system s during th e middl e Pleis -
tocene (Haywoo d e t al. , 2000) . Moreover , Haywoo d e t al . (2000 ) note d tha t th e associate d in -
crease o f win d stres s applied t o th e surfac e o f th e Nort h Atlanti c woul d hav e strengthene d th e 
surface circulation , includin g th e Gul f stream . This , i n turn , woul d hav e a  positiv e effec t o n 
deep-water productio n b y strengthenin g th e transpor t o f salin e surfac e water s t o th e norther n 
North Atlantic . 
2) As evidence d b y numerou s mode l simulation s (e.g . Cubash etal. , 1992) , highe r ai r tempera -
tures ma y influenc e th e precipitation/vaporizatio n rati o positively . Accordingly , a n increas e i n 
mid- t o high-latitud e precipitatio n woul d lowe r th e salinit y o f surfac e waters , suppressing deep -
convection i n th e subpola r Nort h Atlanti c (e.g . Crowley , 1996 , Cubas h e t al , 1992) . Hence , th e 
strong coolin g i n th e Norther n Hemispher e ma y hav e bee n responsibl e fo r th e invers e effect , 
resulting i n a  lowe r precipitation/vaporizatio n ratio , thu s strengthenin g th e thermohalin e over -
flow i n the norther n hig h latitudes . 
3) Finally , a  steepe r temperatur e gradien t i n surfac e water s betwee n th e NG S an d thos e o f th e 
adjacent Nort h Atlanti c provide d excellen t precondition s fo r NAD W formatio n i n thi s are a 
(Henrich e t al. , in press) . 
It remain s unclea r whethe r al l o f th e processe s discusse d abov e wer e involve d an d whic h o f 
them wer e th e mos t importan t ones . Idea l precondition s fo r th e productio n o f dee p water s capa -
ble o f entrainin g int o th e lowe r NAD W cell , however , wer e obviousl y realize d durin g th e stron g 
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northern high-latitud e coolin g perio d fro m 3. 2 t o 2.7 5 Ma . Durin g thi s perio d th e ic e cap s wer e 
relative small . Consequentl y n o meltwate r discharg e o r low-salinit y surface-wate r layer s wer e 
developed (Henric h e t al. , i n press) . Because deep-wate r formatio n i s very sensitiv e t o change s 
in th e salinit y balanc e i n th e Atlanti c (Broecker , 1990) , w e propos e tha t variation s i n LNAD W 
circulation prio r t o ~3. 2 M a wer e linke d t o th e Atlanti c salinit y budget , wherea s afte r 2,7 5 M a 
they wer e primaril y controlle d b y ice-shee t forcing . 
4.4 Preservation  of  planktonic  foraminifera  in  the  deep  Caribbean:  Implications  for  the  Pliocene-
Pleistocene deep-  and  intermediate-water  circulation. 
In strikin g contras t t o th e western  equatoria l Atlantic , th e Caribbea n %  WTF recor d (OD P sit e 
999, Fig . 5b ) indicate s bette r preservatio n o f planktoni c foraminifer a durin g th e Pleistocen e 
interval an d stronge r dissolutio n during  th e Pliocen e (Fig . 5b) . W e explai n thi s b y a n increase d 
entrainment o f uppermos t UNAD W into the Caribbea n fro m th e intermediat e Atlanti c relativ e t o 
the corrosiv e AAIW . 
A substantia l chang e i n th e evolutio n o f th e dee p Caribbea n carbonat e syste m occurs a t -3. 3 
Ma wher e a  shif t towar d bette r carbonat e preservatio n i s indicate d (Fig . 5b) . Surprisingly , th e 
timing o f thi s shif t correspond s t o n o othe r know n substantia l even t i n th e palaeoclimati c an d 
paleoceanographic history . Therefore , w e speculat e tha t thi s drasti c chang e ma y b e linke d t o 
the gradua l closin g o f th e Isthmu s o f Panama . Th e gradua l shoalin g o f thi s seawa y i s o f grea t 
importance fo r th e thermohalin e circulatio n becaus e i t diminishe s th e Atlantic-Pacifi c ex -
change o f surfac e waters . Th e resultin g salinit y increas e i n th e Atlanti c strengthen s th e thermo -
haline circulatio n (e.g . Hau g e t al. , 1998) . However , th e fina l closur e tha t allowe d lan d ex -
change o f mammal s betwee n Nort h an d Sout h Americ a di d no t occu r befor e ~2. 7 M a (Marshall , 
1988). O n th e othe r hand , on e migh t assum e tha t a t som e tim e durin g th e long-term , stepwis e 
Panamanian closur e a  threshold wa s exceede d tha t was especiall y sensitiv e t o th e formatio n o f 
uppermost NADW . I f suc h a  threshol d wa s reached a t ~3. 3 Ma , thi s woul d hav e resulte d i n a n 
increased flu x o f UNAD W t o th e intermediat e Atlanti c an d t o th e Caribbean , an d woul d explai n 
the observe d substantia l change . 
The lo w resolutio n o f th e Pleistocen e ag e mode l a t sit e 99 9 limit s interpretation s inferre d fro m 
the %  WTF recor d t o period s large r tha n one obliquit y cycl e (~4 0 k.y.) . Nevertheless , som e con -
clusions wil l b e deduce d b y comparin g th e sit e 99 9 recor d o f %  WTF wit h thos e fro m sit e 927 . 
The Pleistocen e interva l display s thre e step s o f planktoni c foraminifera l preservatio n a t sit e 99 9 
(Fig. 5b) . Th e extraordinaril y goo d preservatio n betwee n 1. 0 an d 0. 7 M a indicate s tha t th e MP T 
was a  perio d o f enhance d an d relativ e stabl e entrainin g o f UNAD W int o th e Caribbean . Th e 
pronounced long-ter m shif t towar d goo d preservatio n a t sit e 99 9 occur s a  bi t late r (1. 0 Ma ) tha n 
the chang e fro m Phas e Pleist- 2 to Pleist- 3 a t sit e 92 7 where th e significan t decreas e i n preserva -
tion i s recorde d (1. 1 Ma) . However , thi s ma y b e attributed t o th e uncertaint y associate d wit h th e 
Pleistocene ag e mode l a t sit e 999 . 
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On the othe r hand , th e distinc t timin g o f thes e tw o event s ma y indicat e a  stepwis e shoalin g o f 
the overal l LNAD W cor e injecte d int o th e Atlanti c Ocean . Initially , thi s woul d lea d t o a  reduce d 
contribution o f Norther n sourc e water s t o th e deepe r western  Atlantic . Later , wit h continue d 
shoaling, th e critica l dept h o f th e Caribbea n sil l fron t ma y hav e bee n exceeded , and , thu s 
would resultin g i n abrup t entrainin g o f uppermos t NAD W to th e Caribbean . Th e la g betwee n th e 
two shift s ma y the n represen t th e tim e spa n durin g whic h norther n sourc e dee p water s ar e en -
trained predominantl y betwee n th e cor e dept h o f sit e 92 7 an d th e dept h o f th e Caribbea n sil l 
front. 
Figure 5  b display s highes t amplitud e fluctuation s fro m 1. 5 t o 1. 0 M a an d betwee n 0. 7 an d 0. 3 
Ma. Accordin g t o previou s high-resolutio n studie s fro m th e Caribbea n thes e variation s ca n b e 
clearly relate d t o glacial-interglacia l cycle s i n carbonat e preservatio n wit h maximu m preserva -
tion recorde d durin g glacial s (e.g . Hadda d an d Droxler , 1996) . 
Despite th e generall y goo d preservatio n during  th e Pleistocene , som e o f th e recorde d minim a 
match thos e recorde d i n th e Pliocene . Th e mos t extrem e minimu m i s registere d aroun d 45 0 k a 
(14.50-15.11 mbsf , Fig . 5b) . We assume that thi s interva l o f intens e carbonat e dissolutio n corre -
sponds t o interglacia l stag e 11 . Thi s woul d corroborat e th e previou s result s o f Ferrar o e t al . 
(1996) wh o reporte d th e mos t intens e carbonat e dissolutio n a t ODP-Site s 99 9 an d 100 0 
(northern Nicaragu a Rise ) a t aroun d stag e 11 . Furthermore , a s indicated b y th e stronges t Atlan -
tic-Pacific benthi c foraminifera l 3 13C gradient (Raym o e t al. , 1990 ) LNAD W productio n wa s at it s 
maximum durin g interglacia l Phas e 11 . This wa s likel y associate d wit h a  reduce d UNAD W flux 
to th e Atlantic . A  resultin g predominanc e o f AAI W i n th e dee p Caribbea n migh t explai n th e 
prominent decreas e i n carbonat e preservation . 
The fac t tha t bot h th e recorde d maxim a an d minim a i n foraminifera l preservatio n sho w highe r 
% WTF value s i n the Pleistocen e record s tha n i n th e Pliocen e suggest s a n increasin g contribu -
tion o f uppermos t UNAD W to th e Atlanti c durin g bot h th e glacial s an d interglacials . Thi s sug -
gests a  generall y increasin g productio n o f UNAD W toward th e Pleistocene , whic h wa s deduce d 
earlier fro m a  contemporaneou s ris e i n mea n benthi c 9 13C values recorde d a t OD P sit e 50 2 i n 
the deep Caribbea n (Opp o e t al. , 1995) . 
In contras t t o this , th e Pleistocen e glacia l minim a i n foraminifera l preservatio n recorde d a t 
ODP-Site 92 7 ar e drasticall y decrease d compare d t o th e Pliocene . However , n o suc h tren d i s 
recognised fo r th e interglacia l maxim a tha t remai n nearl y o n th e sam e level . Thi s suggest s a 
persistent hig h contributio n o f interglacia l LNAD W t o th e Atlanti c bu t a  sever e reductio n o f gla -
cial LNADW . I n conclusion , th e increase d flu x o f interglacia l uppermos t NAD W to th e Atlanti c 
(monitored b y Pliocene-Pleistocen e increas e o f %  WTF minim a a t sit e 999 ) i s no t parallele d b y 
a corresponding decreas e o f interglacia l LNAD W contribution. Thi s argue s agains t th e assump -
tion tha t th e reductio n o f LNAD W was compensated linearl y b y a n increas e i n UNAD W produc -
tion, a t leas t o n glacial-interglacia l tim e scales . 
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Conclusions 
Late Pliocen e (3.4-2. 2 Ma ) an d Pleistocen e (1.6-0. 3 Ma ) record s o f mea n sortabl e sil t an d plank -
tonic foraminifera l preservatio n indicat e a  highl y variabl e histor y o f bottom-curren t strengt h a t 
the Cear a Rise , wester n equatoria l Atlantic . 
Our result s fo r thi s are a indicat e a  stepwis e reductio n o f glacia l bottom-curren t strengt h fro m th e 
Late Pliocen e towar d th e Pleistocene . Thi s i s interprete d t o reflec t a  stepwis e weakenin g o f th e 
circulation i n th e LNAD W cel l with mai n shift s occurrin g a t 2.7 5 M a an d 0.9 5 ka . 
The mos t stabl e circulatio n i n th e LNADW  cell , inferre d fro m mean (Ss) and planktoni c foraminif -
eral preservation , i s found during  th e initia l phas e o f NH G betwee n ~3. 2 an d ~2.7 5 Ma . Thi s i s 
consistent wit h th e "superconveyo r model " o f Raym o e t al . (1996) . However , ou r dat a d o no t 
support thi s mode l fro m 3. 5 t o 3. 2 Ma . We propos e tha t variations i n the LNADW  flux prio r t o 3. 2 
Ma wer e mainl y controlle d b y variation s i n th e surface-wate r salinit y i n th e Atlanti c Ocean , 
wheras afte r 2.7 5 M a the y ar e controlle d b y ice-shee t forcing . 
A drasti c reductio n o f glacia l bottom-curren t strengt h a t OD P sit e 92 7 (331 5 m) i s inferre d afte r 
2.75 Ma . This shif t i s synchronous wit h the firs t occurrenc e o f large r continenta l ic e shield s an d 
with a  drasti c decreas e i n dee p convectio n i n the NG S (Henric h e t al. , i n press) . 
An additiona l impac t o n th e Atlanti c deep-wate r circulatio n i s registere d durin g th e mid -
Pleistocene climat e transition . I t i s indicate d b y drasti c decrease s i n bottom-curren t strengt h an d 
preservation o f planktoni c foraminfers . 
In agreemen t wit h th e histor y o f bottom-curren t strengt h inferre d fro m th e mean (Ss) prox y data , a 
stepwise worsenin g i n th e preservatio n o f planktoni c foraminifer a durin g glacial s a t th e Cear a 
Rise indicate s a  diminishe d influenc e o f LNADW  at th e Cear a Ris e from th e Lat e Pliocen e t o 
Pleistocene intervals . Thi s indicate s a  genera l decreas e i n the contributio n LNAD W t o th e Atlan -
tic. 
By contrast , a n opposin g tren d i s recognise d i n th e Caribbea n a t OD P sit e 999 , showin g poore r 
preservation o f planktoni c foraminifer a durin g th e Lat e Pliocen e interva l movin g towar d bette r 
preservation durin g th e Pleistocene . Thi s indicate s a n increasin g overtur n o f northern-sourc e 
deep water s throug h th e Caribbea n sil l front  fro m th e Atlanti c Ocea n int o th e Caribbea n basins , 
indicating a n increas e i n th e contributio n o f UNAD W to th e Atlantic . 
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Deep-water circulation during the Pleistocene (0.8-0.25 Ma): inferences from 
near-bottom-current flow variability and deep-water chemistry i n the western 
equatorial Atlantic 
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department of Paleoceanography/Sedimentology, 
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Abstract 
Geochemical prox y record s hav e bee n widel y applie d t o monito r variation s i n th e flu x o f nort -
hern- an d southern - sourc e dee p water s to th e Atlanti c Ocea n basins . I n thi s study , grain-siz e 
data ar e use d t o monito r variation s i n near - botto m curren t strengt h a t deep  an d intermediat e 
depths i n the Guyan a basin . W e presen t record s o f th e mea n grai n diamete r i n th e sortabl e sil t fl 
fraction (10-6 3 (im , mean (Ss)) from Ocea n Drillin g Progra m (ODP ) Site s 92 7 (331 5 m ) and 92 9 
(4356 m ) on the northeaster n flan k o f the Cear a Ris e (~5°N , 44°W) , whic h i s located abou t mid -
way between th e norther n an d souther n deep-wate r sources . 
Our results indicat e tha t bottom - curren t induce d sedimen t sortin g rathe r tha n varyin g sedimen t 
supply i s the mai n contro l fo r mean (Ss) variations a t bot h waterdepths . Significan t inter-sit e diffe -
rences i n mean (ss) variability reflec t th e differen t flo w regime s associate d wit h Lowe r North  Atlan-
tic Deep Wate r (LNADW ) a t Sit e 92 7 an d Antarcti c Botto m Wate r (AABW ) a t Sit e 929 . 
Reduced bottom - curren t strength , relate d t o weake r circulation i n th e LNAD W cel l i s indicate d 
at the shallowe r sit e durin g glacia l periods . Spectra l analysi s o f variou s deep-wate r prox y record s 
reveals tha t mos t spectra l powe r a t th e shallowe r Sit e 92 7 i s concentrate d a t th e Earth' s ec -
centricity frequenc y band . Cross-spectra l analysi s indicate s tha t maxim a i n th e inferre d bottom -
current strengt h la g ice - volum e minim a b y ~ 8 k.y . a t th e Earth' s eccentricit y frequenc y band . 
By contrast , th e recorde d benthi c foraminifera l 913C proxy variation s ar e clos e t o bein g i n phas e 
with ic e volume . Thi s contras t indicate s a  la g tim e betwee n th e reconfiguration s o f deep-wate r 
structure an d th e subsequen t change s i n the flo w velocit y o f LNAD W i n the Guyan a Basi n du e t o 
to variations i n NAD W production . 
At the deepe r Sit e 92 9 mos t o f th e spectra l powe r i s concentrated a t th e Earth' s obliquit y fre -
quency band . Maxim a i n curren t spee d correspon d t o maxim a i n th e Souther n Hemispher e 
summer insolation . We sugges t tha t change s i n bottom - curren t strengt h a t Sit e 92 9 ar e relate d 
to variations i n the AAB W flux t o th e Guyan a Basin . Durin g period s o f lo w flu x th e uppe r boun -
dary of AAB W deepens . AAB W the n ha s to flo w t o th e eas t o f th e Cear a Ris e becaus e th e slo -
ping topograph y betwee n th e Amazo n Fa n an d th e wester n flan k o f th e Cear a Ris e hinder s i t 
from flowing wes t o f the Rise . An increase d AAB W flux, o n th e othe r hand , ma y lea d t o expansi -
on o f th e AAB W laye r i n th e wester n equatoria l Atlantic . A t th e highe r levels , AAB W ca n pas s 
into the Guyan a Basi n o n bot h side s o f th e Cear a Ris e b y overridin g th e topographi c barrie r t o 
the west . As a consequence , th e mea n flo w diamete r fo r AAB W passin g th e Guyan a Basi n i s 
considerably enlarged , resultin g i n a  slowin g o f flo w an d leadin g t o reduce d bottom - curren t 
vigor a t the eastern passage . 
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Data fo r inferre d bottom-curren t strengt h an d deep-wate r chemistr y (benthi c foraminifera l stabl e 
carbon isotopes , carbonat e corrosivenes s o f deep water ) ar e compare d a t Sit e 92 7 an d Sit e 929 . 
Our result s indicat e tha t substantia l change s i n bot h th e quantit y an d qualit y o f LNAD W wer e th e 
main drive r fo r Atlanti c deep-wate r mas s reconfiguration s durin g th e Pleistocen e glacial -
interglacial cycles . 
In addition , high - frequenc y fluctuation s i n mean (ss> durin g isotop e stage s 1 0 an d 1 1 sugges t 
cyclic variation s i n bottom - curren t strengt h o n sub-orbita l t o millenia l tim e scales . 
Keywords: botto m currents , mea n sortabl e silt , deep-wate r circulation , equatoria l Atlantic . 
1. Introductio n 
1.1 Deep-water regimes  in  the  western  Atlantic 
Modern deep-wate r circulatio n i n th e western  equatoria l Atlanti c comprise s tw o principa l wate r 
masses: (1 ) th e oxygen-ric h an d calcite-saturate d Lowe r Nort h Atlanti c Dee p Wate r (LNADW ) 
expanding southwar d acros s th e equator , an d (2 ) i n th e lowe r deep-wate r laye r (>400 0 m) , oxy -
gen-depleted an d calcite-undersaturate d Antarcti c Botto m Wate r (AABW ) flowin g northward . 
Located a t a  centra l positio n approximatel y midwa y betwee n th e sourc e region s o f th e tw o 
deep-water masses , Ocea n Drillin g Progra m (ODP ) Le g 15 4 site s a t the Cear a Ris e ar e excellent -
ly suite d t o monito r th e glacial/interglacia l shift s i n volum e an d curren t strengt h o f th e tw o deep -
water masses. 
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Figure 1:  Configuration of  deep-  and  intermediate-water  masses  in  the  western  equatorial  Atlantic 
as indicated  by  the  calculated  d  C0 32' ion  concentration  (mmol/kg).  The  thick  line  indicates  the 
pressure normalized  calcite  saturation  state  (d  [CO32~]=0) which  deepens  northward  due  to  the 
greater influence  of  NADW.  AAIW=Antarctic Intermediate  Water,  NADW=North Atlantic  Deep  Wa-
ter, AABW=Antarctic Bottom  Water.  Calculated carbonate-ion  distribution  refers  to  GEOSECS  data 
after Bainbridge  (1981). 
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LNADW i s formed b y th e sinkin g o f nutrient - depleted , salin e surfac e water s i n th e Norwegian -
Greenland Se a (NGS) . Thermohaline driven , LNAD W flow s southwar d acros s th e equator , an d i s 
transported, vi a th e Antarcti c Circumpola r Dee p Wate r (ACDW) , to th e India n an d Pacifi c Oce -
ans (Reid , 1989) . Sinc e NAD W contributes larg e amount s o f sal t an d hea t t o th e othe r ocean s 
(e.g. Gordon , 1996) , LNAD W formation i n the NG S i s a ke y facto r i n th e maintenanc e o f globa l 
thermohaline circulation . On e importan t effec t i s sal t injectio n int o th e ACDW , whic h i s a 
crucial facto r fo r deep-wate r formatio n i n th e Weddel l Se a (Reid , 1996) . 
By contrast, th e northwar d expandin g Antarcti c Botto m Wate r (AABW ) i s a  mixtur e o f ver y col d 
outflow water s fro m th e Weddel l Se a (Weddel l Se a Dee p Water , WSDW ) an d ver y ol d waters , 
originating fro m th e ACDW (e.g . Reid , 1989) . A s an olde r wate r mas s i t i s nutrient-rich , ha s ver y 
low 313C values o f I C 02 , an d i s enriched i n carbon dioxid e (Kroopnick , 1985) . 
Because o f th e specifi c initial  composition s o f thei r sourc e water s LNAD W an d AAB W ar e clearl y 
distuingishable i n th e Atlanti c Ocea n base d o n nutrien t conten t an d carbonate-io n concentrati -
ons (Kroopnick , 1985 , Fig . 1) . 
1.2 Study area  and  depositional  setting 
The Ceara Ris e lie s about 80 0 km westward from th e Amazo n Rive r mout h i n th e Guyan a Basi n 
(Fig. 2). Th e Amazo n Rive r discharg e i s th e mai n sourc e fo r siliciclasti c sedimen t suppl y t o th e 
Ceara Ris e (e.g . Ruhlemann , 2001) . Fro m th e continenta l shel f th e Amazo n Fa n sediment s ex -
tend t o depth s greate r tha n 470 0 m, t o th e norther n front  o f th e Cear a Rise , where the y merg e 
with th e Demerar a an d Cear a Abyssa l Plain s (Damut h e t al. , 1988 ; Manle y an d Flood , 1988) . 
Because o f it s grea t offshor e extent , wid e area s o f th e Amazo n Fa n ar e toda y expose d t o th e 
flow regim e o f NAD W off the NW wedge o f the Cear a Ris e (Fig . 2). 
I _  _  r  r  ,  ---« • —  •  Figurs  2:  Study  area.  ODP  Sites 
927 (3315  m)  and  929  (4350)  are 
located on  the  northeast  slope  of 
the Ceara-Rise.  The  flow  paths  of 
NADW and AABW  within  the  Guya-
na basin  are  generalized  after 
Rhein et  al.  (1998)  and  Rhein  et  al. 
(1996). LNADW  passes  the  Guyana 
basin at  both  sides  of  the  Cear£ 
Rise while,  today,  AABW  is  re-
stricted east  of  it.  Open  arrows  indi-
cate the  North  Brasilien  Current 
(NBC) and the  retroflection  into  the 
North Equatorial  Counter  Current 
during the  second  half  of  the  year 
when the  Intertropical  Convergence 
zone has  its  northernmost  position, 
due to  the  weakening  of  northern 
trade winds  (adapted  from  Ruhle-
mann, 2001). 
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Located o n th e N E flan k o f th e Cear a Ris e OD P Sites 92 7 an d 92 9 ar e protecte d fro m direc t 
sediment deliver y fro m th e nearb y Amazo n Fan . However , individua l turbidit y current s occurin g 
in th e Lowe r Amazo n Fa n ar e capabl e o f spreadin g aroun d th e norther n wedg e o f th e Cear a 
Rise an d propagatin g ont o deepe r part s o f the N E flank (Curr y e t al. , 1995) . 
The Amazo n Rive r supplie s sedimen t t o th e Cear a Ris e b y injectio n o f th e freshwate r plume s 
into surfac e current s (Ruhleman n e t al. , 2001) . Today , fine - graine d Amazo n sediment s ca n 
reach th e Cear a Ris e onl y vi a the seasonall y eastward - flowing Nort h Equatoria l Counte r Curren t 
(NECC, Fig . 2). The strengt h o f th e NEC C i s controlled b y th e positio n o f th e Intertropica l Con -
vergence Zone , whic h i s linke d t o seasona l variation s i n th e intensit y o f N E an d S E trad e wind s 
(e.g. Ruhleman n e t al. , 2001 , Tiedemann an d Franz , 1997) . Accordingly , pas t variations i n th e 
Amazon sedimen t suppl y wer e als o strongl y influence d b y th e equatoria l surfac e curren t syste m 
and, hence , b y th e paleo-intensit y o f N E an d S E trad e wind s (Tiedeman n an d Franz , 1997) . 
The regiona l flo w pat h o f deep  water s i n th e souther n Guyan a Basi n i s determined b y th e NW -
SE strikin g topograph y o f th e South - America n continenta l slop e an d th e mid-ocea n ridg e (Fi g 
2). Th e Cear a Ris e act s a s a natura l barrie r fo r dee p water s belo w ~300 0 m  channelin g the m 
along th e N E an d S W slopes . Becaus e o f th e slopin g topograph y betwee n th e Cear a Ris e an d 
the Amazo n cone , AAB W today i s restricte d t o th e northeaster n sid e o f th e Cear a Ris e (Fig . 2 , 
Rhein e t al. , 1998) . B y contrast , th e shallowe r LNAD W laye r i s found o n bot h side s o f th e Cear a 
Rise (Rhei n e t al. , 1996) . 
Site 92 7 (-330 0 m ) i s presently bathe d i n LNAD W (Curr y e t al. , 1995) . Sit e 92 9 i s the deepes t 
site (~440 0 m ) recovere d a t the Cear a Rise , an d i s exposed t o th e flo w regim e o f AABW . Rhei n 
et al . (1998 ) inferre d th e LNADW/AAB W boundar y fro m CT D profile s (measurin g conductivity , 
temperature, an d density ) i n th e Guyan a Basi n a t roughl y 400 0 m . Thi s i s i n agreemen t wit h 
results fro m current - mete r moorin g measurement s fro m a  mor e southerl y positio n i n South  Equa -
torial Channe l a t -5°N , 35°W (Hal l e t al. , 1997) . Thes e author s reporte d th e northwar d flo w o f 
AABW alread y a t depth s betwee n 410 0 an d 430 0 m , even durin g season s whe n th e flo w o f over -
lying LNAD W was intensified . AABW entrain s int o shallowe r depth s o n it s way northwar d (du e t o 
decreases i n temperatur e an d density) , explainin g th e slightl y shallowe r positio n o f th e uppe r 
AABW boundar y i n the stud y area . 
1.3 Results from  previous studies 
Previous studie s hav e use d the 3 13C concentration i n benthi c foraminifera l shell s a s a prox y fo r 
the paleo-nutrien t conten t o f th e deep-wate r mass , or investigate d th e carbonat e corrosivenes s 
of deep-wate r usin g conventiona l preservatio n proxie s (Bicker t e t al. , 1997a,b , Curr y an d Cullen , 
1997, Opp o e t al. , 1995 , Sarnthei n e t al. , 1994 , Raym o e t al. , 1990 , Raym o e t al. , 1992) . 
Most o f thes e studie s indicat e tha t LNAD W productio n wa s considerabl y suppresse d durin g 
glacial period s (e.g . Raym o e t al. , 1990 , Sarnthein , 1994 , Tiedeman n an d Franz , 1997 , Bicker t 
et al. , 1997a,b , Curr y an d Cullen , 1997) , whic h wa s mos t likel y compensate d fo r b y a  vertica l 
expansion o f AAB W i n th e Atlanti c Ocean . Thi s genera l mode l ha s bee n inferre d mostl y fro m 
geochemical prox y record s (benthi c foraminifere r 3 13C, carbonat e preservation) . Man y studie s 
have observe d tha t th e stee p gradient s i n th e benthi c 3 13C values an d th e carbonat e lysoclin e 
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that occur a t the transitio n acros s th e LNADW/AAB W boundary , wer e locate d a t much  shallowe r 
depths durin g glacia l period s (e.g . Bicker t e t al. , 1997a, b Curr y an d Cullen , 1997) . Thes e featu -
res are furthe r supporte d b y correspondin g variation s o f th e Cd/C a ratio s i n benthi c foraminife r 
tests (Boyle, 1988 ) an d mor e recentl y o f neodymiu m isotop e ratio s measure d i n Fe-M n oxyd e 
crusts grow n o n benthi c foraminifera l shell s (Rutber g e t al. , 2000). 
Geochemical prox y record s ca n monito r th e vertica l distributio n o f deep-wate r masses , and the y 
provide a  powerfu l too l t o reconstruc t th e water - mas s configuratio n alon g distinc t transects . 
They ca n not , however , recor d variation s i n physica l characteristic s o f deep-wate r flo w (e.g . ne -
ar-bottom-current strength) . Thi s represent s a  crucia l drawbac k o f man y previou s studies . A  bette r 
knowledge o f th e physica l characteristic s o f geostrophi c current s woul d provid e valuabl e infor -
mation abou t th e weakenin g an d strengthenin g o f circulatio n alon g critica l transects , whic h 
would allo w estimate s o f changes i n the transfer rate s o f deep wate r betwee n th e oceans . 
A substantia l proble m tha t remain s i s the wa y i n whic h th e Atlanti c deep-wate r configuratio n 
responds t o changes i n LNAD W production . Fo r example , fro m th e physica l poin t o f vie w ther e 
may b e tw o way s t o balanc e th e glacia l suppressio n o f LNAD W production : 
1. Th e glacia l los s of larg e volume s o f LNADW  can b e balance d b y a  volumetri c decreas e o f 
the NAD W layer i n th e Atlanti c Ocean . Thi s woul d requir e a  compensatin g increas e o f AAB W 
injected int o th e Atlantic . 
2. The LNAD W los s coul d b e compensated b y a  weaker an d les s efficien t circulatio n o f LNADW . 
This would lea d to a  slowe r streaming o f LNADW , thu s would reducin g th e expor t fro m th e Atlan -
tic to th e othe r oceans . 
The two model s ar e no t exclusive bu t ma y b e considered a s "en d member " configurations , allo -
wing variou s intermediat e stage s betwee n them . 
In recent studies , Groge r e t al . (subm.a , b ) addressed thi s questio n an d provide d evidenc e tha t 
bottom- curren t velocitie s o n the Cear a Ris e a t the cor e dept h o f LNAD W (Sit e 927 ) wer e muc h 
slower durin g glacia l period s compare d t o interglacials . Thi s findin g point s t o a  weaker , an d 
hence, les s efficien t circulatio n withi n th e LNAD W cell , an d support s th e idea  o f a n reduce d 
LNADW transfe r t o th e othe r ocean s durin g glacials . 
However, previou s studie s hav e verifie d tha t change s i n deep-wate r chemistr y alon g a  dept h 
transect o n the th e Cear a Ris e occure d synchronousl y (Bicker t e t al . 1997a,b , Curr y an d Cullen , 
1997). This i s surprising considerin g the completel y differen t chemistr y o f NAD W and AABW . I n 
addition, th e two deep-wate r masse s migh t b e influence d b y differen t bottom - curren t flo w regi -
mes. I n thi s study , th e influenc e o f varying LNAD W fluxes o n th e Atlanti c dee p wate r configura -
tion i s examine d usin g both , geochemica l an d sedimentologica l proxies . W e therefor e compar e 
changes i n deep-wate r chemistr y (benthi c 8 13C values, carbonat e preservatio n proxies ) wit h nea r 
bottom- current strengt h (e.g . silt grain-size parameters ) a t th e cor e depth s o f LNAD W (Site 927 ) 
and AABW (Sit e 929) . I n particular , th e following question s ar e addressed : 
1. Are th e variation s recorde d i n deep- water chemistr y an d bottom - curren t strengt h i n th e indi -
vidual wate r masse s coherent? I f so , i s ther e a  positiv e o r negativ e relationshi p betwee n th e 
changes i n bottom-curren t strengt h an d deep-wate r chemistry ? 
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2. Ar e th e change s observe d i n bottom - current strengt h an d deep - wate r chemistr y synchronou s 
between th e LNAD W and AABW? I f so, are these synchronous shift s positivel y o r negativel y rela -
ted? 
1.3.1 Orbital  forcing  of  deep-water  circulation 
Many paleoclimati c an d paleoceanographi c record s displa y stron g orbita l forcin g signals , wit h 
major component s a t th e precession , obliquity , an d eccentricit y frequenc y bands . Th e climat e 
forcing effec t o f thes e orbita l parameter s i s tha t the y contro l th e incomin g sola r radiatio n o n 
Earth. 
The precessio n cycl e follow s roughl y a  23 k.y . perio d an d produce s it s strongest  effec t i n th e 
equatorial region s b y controllin g win d regime s an d surface - wate r hydrograph y (e.g . monsoona l 
precipitation an d th e strengt h o f trad e winds) . Eccentricit y ha s it s majo r componen t a t th e 10 0 
k.y. periodicity . I t ha s onl y a  negligibl e effec t o n th e incomin g sola r radiatio n an d mainl y modu -
lates th e effec t o f precession . However , th e 10 0 k.y . periodicit y i s expressed i n man y paleoce -
anographic records , whic h i s commonl y explaine d b y non-linea r respons e mechanism s (e.g . 
Clark and Pollard , 1998 , Clemen s an d Tiedemann , 1997) . B y controlin g th e seasona l intensit y 
of summe r an d winter , th e Earth' s obliquit y (4 1 k.y. ) cycl e produce s it s stronges t climati c effec t 
in the norther n an d souther n hig h latitudes . Accordingly , i t i s an importan t controlin g facto r fo r 
ice volum e i n th e Earth' s pola r region s (Imbri e e t al. , 1984 , Imbri e e t al. , 1992) . 
The mos t importan t controllin g facto r fo r th e quantit y an d qualit y o f LNADW  formatio n durin g 
the pas t 3  m.y . was expansio n o f ice shields i n the NGS , which ma y hav e "blocke d off ' th e sali -
ne surfac e water s derive d fro m th e tropica l Atlantic , thu s suppressin g deep-wate r formatio n 
(Henrich e t al. , in press) . So , i n additio n t o th e glacial-interglaciall y induce d change s i n deep -
water circulation , man y prox y record s o f LNAD W flu x exhibi t a  stron g componen t o f orbitall y 
induced cyclicity . Th e predominan t frequencie s ar e th e eccentricity-relate d 10 0 k.y . periodicit y 
and th e 4 1 k.y . obliquity-relate d periodicit y o f th e Earth' s orbi t (e.g . Howar d an d Prell , 1994 , 
Bickert e t al . 1997a,b , Curr y an d Cullen , 1997) . 
Throughout th e pas t ~ 1 m.y. , NAD W production an d it s contribution t o th e Atlanti c Ocea n wa s 
dominated b y th e 10 0 k.y . periodicity . Cear a Ris e Le g 15 4 sedimen t core s displa y 10 0 k.y . cy -
cles i n record s o f carbonat e preservatio n an d benthi c foraminifera l 3 13C (e.g . Bicker t e t al. , 
1997b, Curr y an d Cullen , 1997) . I f changes i n bottom - current strengt h wer e i n phas e wit h chan -
ges recorde d i n deep-wate r chemistry , the n w e woul d als o expec t t o fin d thes e orbita l compo -
nents i n th e mean (Ss) signal . T o verif y this , w e analyse d th e variabilit y o f mean (Ss) a t Sit e 92 7 
and Sit e 92 9 i n th e tim e domai n usin g spectra l analysi s technics . 
2. Materia l and method s 
Age model s fo r th e OD P Leg 15 4 sites were developed b y Bicker t e t al . (1997b ) an d Tiedeman n 
and Fran z (1997) . Datin g i s based o n tunin g variation s o f th e magneti c susceptibilit y t o orbita l 
parameters (fo r detail s se e Bicker t e t al. , 1997b an d Tiedema n an d Franz , 1997) . 
46 sample s were taken from ODP Sit e 927, fro m 13.4 3 t o 35.1 5 meter s composit e dept h (mcd) , 
to investigat e th e particle - siz e distributio n o f th e carbonate-fre e sil t fraction . Th e resultin g dat a 
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set ha s bee n compile d wit h additiona l dat a produce d b y Groge r e t al . (subm.a) . Th e combine d 
record span s th e tim e interva l fro m ~800 to 270 k a a t a  resolution o f - 5 k.y . 
In orde r t o achiev e a n optima l compuariso n (wit h respec t t o th e tim e interva l an d sampl e resolu -
tion) t o th e Sit e 92 7 record , Site 92 9 was sample d a t 15-c m interval s fro m 11.6 7 t o 32.9 6 mcd . 
In order t o avoi d takin g sample s fro m turbidit e deposit s identifie d i n Sit e 92 9 cores , th e 15-c m 
interval wa s no t kep t strictly . 
2.1. Particle  size  data 
Prior to grain- size analysis , eac h sampl e underwen t th e followin g procedure : Th e fin e fractio n 
(<63 urn ) was firs t separate d b y wet-sieving an d then decarbonated wit h -1 2 %  HCI . Afterwards i t 
was washed repeatedl y unti l the pH inde x becam e neutral . Next , th e sil t fractio n (2-6 3 urn ) wa s 
extracted fro m cla y particle s b y repeate d settlin g procedure s afte r Stoke' s la w o f settling , usin g 
Atterberg settlin g tubes . Th e cla y residua l wa s identified i n th e subsequen t particle - siz e analy -
sis, and neve r exceede d 5  wt %  in the analysed sil t extracts . 
A detaile d particle - siz e analysi s wa s carrie d ou t b y measurement s wit h a  Micromeritic s Se -
diGraph 5100 . Th e SediGrap h determine s th e particle-siz e distributio n fro m a  disperse d suspen -
sion i n a n analysi s cell , assumin g Stoke' s law fo r th e settlin g o f particles . I t measure s th e at -
tenuation o f a  finel y collimate d X-ra y bea m a s a  functio n o f tim e an d heigh t (Stein , 1985) . 
Each sampl e wa s analyse d withi n a  siz e spectrum rangin g fro m 100, 0 t o 0, 1 u.m . Fro m th e ra w 
data w e calculate d th e grain - siz e distributio n o f th e sortababl e sil t (10-6 3 u.m ) spectru m 
(McCave e t al. , 1995) , whic h wa s rescaled t o 100% . Thi s spectru m wa s use d t o calculat e th e 
mean particl e size , that i s refere d her e as mean(ss). 
Since w e focu s o n th e determinatio n o f botto m currents , w e conside r onl y th e carbonate-free , 
lithogenic sil t fraction ; biogeni c silic a i s mostl y absen t i n the sample s o r contribute s onl y acces -
sory amount s tha t ca n b e neglected . I n this study onl y th e fraction fro m 1 0 t o 6 3 ur n i s conside -
red. As shown i n detai l b y McCav e e t al . (1995) , particle s fine r tha n 1 0 u. m behave cohesivel y 
and thus wil l no t b e transported a s individual particle s i n th e viscou s sublayer . Accordingly , sor -
ting effect s du e to a  strong  bottom-curren t ca n b e inferre d onl y fro m th e coarse r particl e fracti -
ons. 
2.2 Benthic  foraminiferal  stable  carbon  and  oxygen  isotope data  and  carbonate  preservation 
The benthi c isotop e dat a (3 180, 313C) used in this study are taken from Bicker t e t al . (1997b) . Car -
bonate preservatio n i s estimated i n eac h sampl e b y th e san d conten t (wt . % particle s >6 3 urn) . 
This prox y i s relate d t o the weakening an d breakag e o f foraminiferal shell s with progressiv e disso -
lution, whic h lead s t o a  mass transfe r fro m coarse r t o finer fraction s (Berge r e t al. , 1982) . 
2.3. Spectral  analysis 
Spectral analysi s wa s performe d wit h th e softwar e packag e AnaiySerie s 1. 1 (Paillar d e t al. , 
1996). Prio r t o analysi s eac h recor d was resample d a t equa l time increment s o f 3  k.y . V\f e choos e 
the classica l Blackman-Tucke y standar d metho d wit h 5 0 %  lag s o f th e autocovarianc e serie s 
(bandwith=5.6 cycles/m.y.) . Frequenc y spectra , coherencies , phas e angle s betwee n geochemi -
cal (benthi c foraminifera l 3 13C) an d sedimentologa l (mean (Ss)) deep-wate r proxies , an d th e bent -
73 
Part II : Deep-wate r circulatio n durin g th e Pleistocen e (0.8-0.2 5 Ma):  inference s from.. . 
hie foraminifera l 3 180 signa l a s a  referenc e fo r ic e volum e wer e estimate d (confidenc e leve l o f 
80 %). 
Cross- spectral analyse s wer e performe d betwee n deep-wate r prox y record s an d th e benthi c fo -
raminiferal 3 180 referenc e signa l fo r variation s i n ic e volume . T o account fo r th e negativ e relati -
onship betwee n th e mean (Ss) an d benthi c 3 13C, the 3 180 recor d wa s inverse d b y multiplicatio n 
with - 1 prio r t o analysis , resultin g i n a phase shif t o f -n. 
3. Results 
3.1 Particle-  size  data 
The OD P Sit e 92 9 mean (Ss) recor d differ s significantl y fro m tha t recorde d a t th e shallowe r Sit e 
927. Mean (SS) values rang e from 1 4 to 22 u.m at Site 929. This i s significantl y coarse r tha n thos e 
recorded a t Sit e 92 7 (Fig . 3), whic h rang e fro m 1 1 t o 2 0 u.m. Thi s i s in agreemen t wit h prelimi -
nary result s fro m parasoun d profiles , whic h evidenc e a  water-depth-relate d grain-siz e sorting , 
with coarse r particle s deposite d a t greate r depth s on the N E flank o f the Cear a Ris e (Breitzk e an d 
Spiel3>, 1999) . 
Among al l th e Le g 15 4 sites onl y Sit e 92 9 exhibit s turbidite s (Curr y e t al.,1995) . Turbidite s ca n 
be identifie d i n Sit e 92 9 sedimen t core s a s 1 - to 3 - cm thic k layer s o f silt-size d grains , predomi -
nantly o f quart z wit h appreciabl e amount s o f feldspa r (Curr y e t al. , 1995) . Thei r mineralogica l 
composition i s completel y differen t fro m th e downslope-transporte d carbonate-ric h turbidit e 
deposits foun d i n th e olde r lithologi c unit s o f Le g 15 4 site s (Curr y e t al. , 1995) . Thi s indicate s 
that th e Pleistocen e turbidite s layer s ar e associate d wit h transpor t processe s occurin g i n th e 
distal par t o f the Amazo n Fa n (Curr y e t al. , 1995). 
[Ma] Mean.gg. 92 9 
14 16 18 20 22 \jjm] 
0.25 
0.35 
0.45 
0.55 
0.65 
0.75-
0.85 1 
.,_ V-
^m 
14 
1;:: 
m m • 
. m 
Figure 3:  Comparison of  me anrss) 
variability at  site  927  (-3300  m, 
right) and  site 929  (-4400 m,  left). 
The two records differ  significantly 
in size range and  variability. Black 
arrows at  the site  927  curve  mark 
the extraordinary  fine  mean (SS) 
values at  the glacial  to  interglacial 
transitions. Large  arrow  indicates 
a sample  taken  from  a  tumidite 
layer at  site  929.  Numbers  at  the 
y-achsis indicate  oxygen  isotope 
stage. 
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To test whether th e Sit e 92 9 mean (Ss) recor d i s significantly disturbe d b y turbidit e deposits , on e 
sample was take n directl y fro m the basa l par t o f a turbidit e layer . Thi s sampl e (OD P 929 A 4H-4 -
137) ca n b e clearl y identifie d b y it s extraordinaril y coars e mean (Ss) (large arro w i n Fig . 3), whic h 
exceeds th e averag e value s b y abou t 6  ur n an d eve n th e recorde d maxim a b y ~ 3 urn . Durin g 
the samplin g procedur e visuall y identifiabl e simila r turbidit e layer s wer e avoided . Therefore , 
with th e exceptio n o f thi s wel l define d turbidite , w e conside r th e mean (Ss) curve no t t o b e remar -
kably influence d b y turbidit y layers . 
The poo r covariatio n betwee n th e mean (Ss) record s o f Sit e 92 7 an d Sit e 92 9 indicate s tha t ther e 
is n o inter - sit e relationshi p (Fig . 3) . Mean (Ss) variabilit y a t Sit e 92 7 i s relate d t o glacial -
interglacial cycles , wit h fine r value s observe d durin g glacia l stages . Pronounce d shift s from th e 
finest values to very coars e value s ar e a  regula r featur e o f th e glacia l t o interglacia l transition s 
(with th e exceptio n o f th e stag e 20/1 9 transition , Fig . 3) . Superimpose d o n thi s glacial -
interglacial cyclicity , muc h highe r frequenc y fluctuation s ar e displaye d i n th e Sit e 92 7 meanes t 
curve, and thes e ar e mos t obvious during  oxyge n isotop e stages (OIS ) 1 0 and 11 . 
At Sit e 92 9 ther e i s n o stric t glacial-interglacia l cyclicit y apparen t i n th e mean (SS) recor d 
(Fig. 3). However , i n contras t t o Sit e 927 , mean (Ss) maxim a ar e predominantl y observe d durin g 
glacial stages , evidencin g a n invers e phasin g compare d t o tha t observe d a t Sit e 927 . Thi s i s 
most eviden t i n the younge r interval s during  OI S 12 , 10 , and 8 , bu t i s als o wel l expresse d durin g 
OIS 20 . 
3.2 Carbonate  preservation  and  benthic  d13C 
In striking contras t t o th e mean (Ss) variability, variation s i n sand content s an d benthi c 3 13C values 
are synchronou s betwee n th e tw o site s (Fig. 4) . The generall y lowe r san d conten t an d benthi c 
d13C values a t Sit e 92 9 illustrat e th e greate r influence  o f AABW a t the deepe r site . 
Confirming th e previou s result s o f Curry an d Culle n (1997 ) Sit e 92 7 an d Sit e 92 9 san d content s 
are positivel y related . Glacia l period s ar e characterize d b y reduce d san d conten t a t bot h sites , 
indicating greate r deep-wate r carbonat e corrosivenes s du e t o the AABW (Fig . 4a). 
As reveale d b y Bicker t e t al . (1997) , a  positive relationshi p i s also observe d betwee n th e Sit e 92 7 
and Sit e 92 9 benthi c 3 13C variability (Fi g 4b). Glacia l period s ar e characterize d b y lowe r 3 13C 
values, indicatin g a  nutrient-rich , an d les s wel l ventilate d deep-wate r mass . 
3.3 Spectral  analysis 
Spectral analysi s o f th e Sit e 92 7 mean (Ss) record verifie s tha t mos t o f th e spectra l powe r i s con -
centrated withi n th e 10 0 k.y . eccenticit y frequenc y ban d (Fig . 5) . B y contrast , Sit e 92 9 mean<ss ) 
variability i s dominated b y th e Earth' s obliquity cycl e (Fig . 5) . Cross-spectra l analysi s betwee n 
the Site 92 7 mean (Ss) recor d an d the benthi c foraminifera l (C.wuellerstorfi)  9 180 recor d (a s a refe -
rence fo r ic e volume ) reveal s hig h coherenc y a t th e Earth' s eccentricit y frequenc y ban d (Fig . 6 , 
middle). Th e phas e plo t (Fig . 6 , bottom ) indicate s tha t mean (Ss) maxima la g benthi c foraminife -
ral 3180 minim a wit h a  phas e shif t o f abou t 28.7° (=7. 6 k.y. , Tabl e 1 ) a t th e eccentricit y frequen -
cy band . 
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Cross-spectral analysi s betwee n th e Sit e 92 9 mean (Ss) recor d an d th e 3 1sO record o f Sit e 92 7 
indicates tha t mean (Ss) maxim a ar e coheren t wit h minim a i n ic e volum e wit h a  phas e la g o f 
about 3. 5 k.y . a t th e obliquit y frequenc y ban d (Tabl e 1) . 
Cross-spectral analysi s betwee n th e benthi c foraminifera l 3 13C signals fro m th e tw o site s and ic e 
volume reveal s tha t th e benthi c 3 13 signal i s nearl y i n phas e wit h variation s i n ic e volum e a t th e 
eccentricity frequenc y ban d a t bot h sites . 
a) San d contents 
- 8 [%1 
13 b ) 3  C  (C.wuellerst.) 
site 92 9 
site 92 7 
r - 1 [ %°1 
-J3, Figure 4:  Intersite  comparison  of  a)  sand  contents  and  b)  benthic  foraminifera  d  C 
variability. In  contrast to  the mean,^.  proxy  records  (Fig.  3) variations in sand content  and 
d13C occured  synchronously  and  with  similar trend  at the two sites. 
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4 Discussion 
4.1. The  control of  sortable  silt  deposition  on  the NE flank of  the Ceara  Rise 
McCave e t al . (1995 ) establishe d a  relationshi p betwee n mean (Ss) siz e an d bottom - curren t ve -
locity. I n general , stronge r botto m current s produc e coarse r mean (Ss) sizes. At the Cear a Rise , the 
applicability o f th e mean (Ss) paramete r a s a  reliabl e prox y fo r paleo-bottom-curren t strengt h ha s 
been demonstrate d b y Groge r e t al . (subm . a ) fo r th e shallowe r Sit e 927 . 
Three mai n processe s hav e a n influenc e o n th e terrigenou s mean (ss) variability o n th e N E flan k 
of the Cear a Ris e throughou t th e Pleistocene : (1 ) Varyin g intensit y o f bottom - curren t vigo r rela -
ted to changes i n the physica l flow regim e o f deep  waters (NADW , AABW) i s considered t o indu -
ce sediment sortin g (Groge r e t al. , subm.a,b) , (2 ) episodi c depositio n fro m turbidite s occurin g o n 
the lowe r Amazo n Fan , a  patter n onl y recognize d episodicall y a t th e deepe r Sit e 92 9 (Curr y e t 
al., 1995) , an d (3 ) change s i n th e equatoria l surfac e curren t syste m b y controllin g th e terrige -
nous sedimen t suppl y fro m th e Amazo n mout h t o th e Cear a Ris e (Ruhleman n e t al , 2001). 
mean. 
Figure 5:  Power  spectra  comparing  mean (SS) 
variability of  sites  927  and  929.  Numbers 
above distinct  peaks  indicate  statistical 
significant periodicities at  the 80 % confidence 
interval. Numbers  given  parenthesis  highlight 
periodicities below  the  significance. Grey  bars 
indicate the  Earth's eccentricity,  obliquity,  and 
precessinal frequency bands. 
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Comparing mean (Ss) variabilit y o f th e lithogeni c an d biogeni c (calcareous ) sil t components , 
Groger e t al . (subm. a ) found a  good correlatio n betwee n th e tw o parameter s throughou t th e lat e 
Pleistocene. Onl y depositiona l processe s such a s winnowing b y stron g botto m current s ca n in -
fluence th e particl e sortin g o f bot h th e biogeni c an d lithogeni c component s i n deep-se a sedi -
ments (Robinso n an d McCave , 1994) . Thus , th e observe d goo d correlatio n argue s fo r varyin g 
bottom-current vigo r a s th e mai n facto r i n controlin g th e mean (Ss) variability . 
An importan t constrain t o n explainin g mean (Ss) variation s a t th e N E flan k o f th e Cear a Ris e 
comes fro m comparin g th e Sit e 92 7 mean (Ss) record wit h tha t o f th e deepe r Sit e 929 . Figur e 7 
shows th e difference s i n mean (ss> between the two sites . Throughout mos t of the mi d Pleistocen e 
Site 92 9 mean (Ss) values greatl y excee d thos e fro m th e shallowe r Sit e 927 , wit h difference s o f 
up to ~ 8 urn (Fig . 7 , lowe r graph) . Becaus e o f the proximit y o f the two sites , i t i s very unlikel y tha t 
these larg e intersit e difference s wer e controlle d b y surfac e wate r hydrography . 
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Figure 6:  Top:  Spectral  density 
and cross  coherency  between 
site 927  mean (SS) and  benthic 
foraminiferal (C.  wuellerstorfi) 
d180 (site  927  Bickert  et  al., 
1997b) as  reference  for  ice 
volume. Bottom:  phase  angle 
(given in  degree)  vs.  frequency 
& ,  # 
r\ c  Q > r 
n o o 
T 
20 4 0 6 0 8 0 10 0 
frequency (cycles/m.y. ) 
reference signal 
927 31B0 vs.* 
927 3180 vs.x 
927 91B0 vs.* 
929 3180 v s x 
deep-water signa l 
927 mean (ss) 
929 mean (Ss) 
(41 ky band ) 
927 3IJC 
929 a13c 
coh 
0.96 
0.75 
0.89 
0.80 
<t> (grad ) 
-28.7 
-28.8 
-8.7 
7.7 
4> (k.y.) 
-7.6 
-3.5 
-2.1 
2.1 
Table 1:  Coherencies  (coh)  and  phase  relationships  (expressed  in  degree  and  k.y.)  for  different 
deep-water proxies  with  the  the  benthic  foraminiferal  (C.  wuellerstorfi) d wO signal  as  reference  for 
ice volume  at  the  eccentricity  frequency  band.  Negative  phasing indicates  that  changes  in  a  given 
deep-water proxy  lag  changes  in  the  reference  signal. 
(x) multiplcated with  -1  prior  to  analysis  (minimum  in ice  volume  is  coherent  with  maximum  in  the 
deep-water proxy  record  with  a phase shift  of  <j>). 
Only durin g interglacia l maxim a o f increase d NAD W flux , whe n bottom - curren t vigo r and , 
hence, winnowin g wa s stronger a t Sit e 92 7 (Groge r e t al. , subm.,a,b ) doe s th e 92 9 -  927 diffe -
rence become s negativ e (Fig . 7) . 
Another importan t indicatio n fo r varyin g intensitie s o f bottom - curren t vigo r a s the mai n contro -
ling facto r fo r th e mean (Ss) variabilit y i s provided b y spectra l anlaysis . Ruhleman n e t al . (2001 ) 
have show n tha t th e suppl y o f terrigenous materia l t o th e Cear a Ris e vi a th e Amazo n freshwate r 
plume varie s wit h a  strong 2 3 k.y . precessiona l periodicity . Thi s wa s explained b y th e stron g in -
fluence o f th e equatoria l surfac e curren t syste m (NEC C controlle d b y trad e win d intensity) . B y 
contrast, spectra l analysi s o f mean (Ss) records from Sites 927 and 92 9 reveal s onl y weak powe r i n 
the 2 3 k.y . frequenc y ban d (Fig . 5). Onl y a t Sit e 92 9 i s the influenc e o f th e precessio n cycl e i s 
indicated, bu t thi s i s no t statisticall y significan t (Fig . 5) . We propos e tha t th e lac k o f significan t 
power a t th e precessiona l frequenc y ban d a t th e tw o site s argues agains t equatoria l surfac e wa -
ter hydrograph y a s th e mai n controlin g facto r fo r mean (Ss) variability , thu s supportin g th e assump -
tion tha t sedimen t sortin g occurre d du e t o vigorou s bottom - curren t flow . Furthermore , th e pre -
dominance o f eccentricit y (a t Sit e 927 ) an d obliquit y (a t Sit e 929 ) cycle s point s t o a  linkag e 
with climati c processe s occurin g i n hig h latitud e regions . 
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In conclusion , w e conside r th e mean (Ss) variabilit y t o b e mainl y controlle d b y variation s i n th e 
intensity o f bottom-current . 
4.5 [%o ] 
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Fig. 7:  Comparison between  benthic  foraminiferal  (C.  wuellerstorfi)  d160 and mean  sortable  silt  dif-
ferences between site  929  and  927  (Amean (SS) 929-927).  Site  929  mean  sorable  silt  values  have 
been transformed  at  site  927  mcd  intervals  by  linear  interpolation.  Negative  values  indicate  that 
site 927 values  exceed  those  from  deeper  site  929  (found  predominantly  during  maximum  inter-
glacials). 
4.2. Orbital response of  near  bottom-  current  flow  at  Site  927  during the  mid Pleistocene 
Figure 8  illustrate s th e phas e relationship s betwee n ic e volum e (e.g . benthi c foraminifera l 8 180) 
and variou s deep-wate r proxie s a t th e eccentricit y frequenc y ban d a s reveale d fro m cross -
spectral analysis . Surprisingly , ther e i s a relativ e larg e la g tim e o f -7. 6 k.y . i n th e respons e o f 
bottom- curren t strengt h a t sit e 92 7 (inferre d from the mean< SS) proxy) with respec t t o change s i n 
ice volume . B y contrast , change s i n benthi c foraminifera l 3 13C at bot h site s only slightl y la g tho -
se i n ic e volum e (Fig . 8, Tabl e 1) . 
Groger e t al . (subm.b ) suggeste d tha t th e change s i n th e bottom - curren t strengt h inferre d fro m 
the Sit e 92 7 sedimen t core s wer e relate d t o th e circulatio n strengt h i n th e lowe r NAD W cell . 
This proposa l wa s base d o n th e observe d goo d correlatio n betwee n th e benthi c foraminifera l 
313C record whic h represent s th e nutrien t conten t o f th e deep-wate r mass , and th e mean (SS) re -
cord, whic h i s sensitiv e t o th e near - botto m flo w o f dee p water s (se e above) . Becaus e onl y 
geostrophic current s shoul d b e capabl e o f influencin g both , th e physica l flo w an d th e geoche -
mical propertie s o f dee p waters , the goo d correlatio n betwee n th e tw o parameter s argue s fo r a 
coupling betwee n th e bottom - curren t velocitie s a t Sit e 92 7 an d th e effectiv e circulatio n 
strength within th e LNAD W cel l (Groge r e t al. , subm.b). I n agreement wit h this , a  strong -10 0 k.y . 
periodicity i s foun d i n th e mean (SS) recor d a t Sit e 92 7 (Fig . 5) , indicatin g th e linkag e t o change s 
in LNADW  production . 
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The observe d lat e respons e o f mean (Ss) to changes i n ic e volume thu s ma y b e interprete d a s th e 
lag tim e betwee n change s i n th e productio n rate s an d qualit y o f NAD W and th e effectiv e circu -
lation strengt h withi n th e lowe r NAD W cell . 
^ & & & 
min. ice volume 
at th e eccenticity band 
Fig. 8:  "Phase  wheel" summarizing  phase  relationships  between  ice  volume  and  benthic  foramini-
feral d 13C at site 927,  and  at  site 929,  and mean (Ss) at  site 927  at  the  eccentricity  frequency  band. 
Minimum in  ice  volume  corresponds  to  minima  in  the  benthic  foraminiferal  d 180 variability  at  site 
927. 
We speculat e tha t change s i n th e qualit y an d quantit y o f norther n source d dee p water s durin g 
the earl y period s o f interglacial s hav e le d t o a  large r LNADW  laye r i n th e Atlantic , which , i n a 
first step , compensate d fo r th e exes s LNADW  produced i n th e earl y interglacial . I f thi s proces s 
was no t sufficien t (tha t is , i f the densit y gradien t betwee n AAB W an d LNADW  limite d furthe r ex -
pansion o f th e LNAD W laye r i n th e Atlantic) , th e circulatio n i n th e LNADW  cel l woul d hav e bee n 
enhanced an d furthe r compensate d fo r th e increase d LNAD W flux b y transferrin g large r volume s 
of LNAD W to th e othe r oceans . Thi s would hav e caused stronge r botto m current s a t th e cor e sit e 
of LNAD W (Sit e 927) . I n turn , th e reduce d flu x o f glacia l LNAD W woul d lea d initiall y t o a  smalle r 
LNADW layer . Subsequently , (afte r AABW an d NAD W were redistribute d balancin g th e ne w den -
sity gradient s i n th e dee p wester n equatoria l Atlantic ) th e circulatio n woul d weaken , agai n resul -
ting i n a  reduce d flu x o f LNAD W to th e othe r oceans . 
4.3. The  control of  bottom-  current  vigor  at  Site  929 - linkage to  AABW production? 
Presently, AAB W i s restricte d t o depth s belo w ~4000m . Th e slopin g topograph y betwee n th e 
Ceara Ris e an d th e Amazo n Fa n serve s as a  barrie r fo r water s belo w 4250 m (Whitehea d an d 
Worthington, 1982) , wherea s eas t o f th e Cear a Ris e th e topograph y fall s belo w 4700 m (Fig . 9). 
Therefore, an d becaus e o f the stron g southeastwar d flo w o f LNADW  west o f th e Rise , the AAB W 
stream today passe s throug h th e Guyan a Basi n mainl y throug h th e northeaster n passag e (Fig . 2, 
e.g. Rhei n e t al. , 1998) . 
Given tha t a n increase d flu x o f AAB W t o th e Atlanti c woul d lea d t o a n expande d AAB W laye r i n 
the wester n equatoria l Atlanti c (an d a  subsequen t shallowin g o f th e uppe r boundar y o f AABW) , 
this woul d enabl e th e AAB W strea m t o overru n th e topographi c barrie r betwee n th e Amazo n 
cone an d th e wester n flan k o f th e Cear a Ris e (Fig . 9). Accordingly , AAB W woul d pas s throug h 
the Guyan a Basi n o n bot h flank s o f th e Cear a Rise . I n consequence , thi s woul d considerabl y 
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enlarge th e strea m diamete r fo r AAB W i n th e Guyan a Basin . A s a  resul t th e mea n velocit y o f 
flow i n the AAB W laye r woul d b e lowered , producin g weake r botto m current s a t th e N E flank o f 
the Ceara Rise . 
Fig. 9:  Topographical  profile  across  the  Guyana  basin  at  5°N.  Dashed  line:  Upper  boundary  of 
AABW adapted  from  Rhein,  (1998). 
Therefore, becaus e o f th e specifi c topographi c configuratio n betwee n th e Amazo n con e an d 
the Cear a Ris e i n th e Guyan a Basi n w e assum e tha t a n icrease d flu x o f AAB W t o th e tropica l 
western Atlanti c woul d lea d t o lowe r curren t velocitie s i n th e Guyan a Basi n northeas t o f th e Ce -
ara Ris e (Sit e 929) . 
We conside r no w the questio n o f what migh t hav e cause d change s i n th e AAB W flu x t o th e Gu -
yana Basin . AAB W productio n i s very sensitiv e t o th e climat e an d i n particula r t o th e sea - ic e 
expansion aroun d Antarctica . 
Figure 1 0 compare s th e summe r insolatio n a t 65 CS with th e Sit e 92 9 mean (Ss) record . I n general , 
we observ e a  remarkabl e positiv e relationshi p betwee n th e tw o record s wit h mean (ss) maxim a 
corresponding t o maxim a i n th e incomin g insolation . Hence , maxim a i n bottom - curren t veloci -
ty a t Sit e 92 9 occu r durin g maxim a i n th e incomin g sola r radiatio n ove r Antarctica . Moreover , 
the stron g obliquit y componen t i n th e souther n hig h latitude s summe r insolatio n i s in goo d ag -
reement wit h th e 4 1 k.y . periodicit y foun d i n th e mean (Ss) variabilit y a t Sit e 92 9 (Fig . 5). 
It has bee n suggeste d tha t AAB W productio n i s enhanced durin g period s o f increase d ic e pro -
duction an d brin e releas e o n th e Antarcti c continenta l shel f (e.g. , particularl y i n th e Weddel l 
Sea, Gill , 1973) . Furthermore , i t ha s bee n propose d tha t increase d discharg e o f low-salin e melt -
waters fro m Antarctic a hav e th e potentia l t o considerabl y decreas e AAB W formatio n (e.g. , Sei -
dov e t at. , 2001) . W e thu s speculat e tha t period s o f maximu m sola r insolatio n i n th e Anarcti c 
region ma y b e associate d wit h lowere d ic e productio n (an d increase d mobilisatio n o f meltwa -
ters) leadin g t o a  decreas e i n AAB W productio n i n th e Wedde l Sea . Th e resultin g decreas e i n 
AABW flux t o th e Atlanti c woul d the n lea d t o a  smalle r AAB W laye r i n th e Guyan a Basin , there -
by strengthening th e flow o f AABW on the eastern flan k o f the Cear a Rise . 
However, th e difference s i n phasin g betwee n th e mean (SS) recor d an d th e insolatio n recor d 
(Fig. 10 ) revea l tha t othe r factor s nee d t o b e considere d i n explainin g th e regiona l histor y o f 
bottom-current strengt h a t sit e 929 . 
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Fig. 10:  Comparison between  mean (ss> variability  at  the  deep  site  929  and  Southern  hemisphere 
summer insolation  at  65°S showing positive  relationship  with  slight  differences  in  phasing beween 
individual maxima.  The  two records records exhibit  -41  kys  cyclicity. 
The mode l discusse d abov e i s constrained b y th e sea - ic e expansio n aroun d Antarctic a and , 
hence, b y th e 4 1 k.y . obliquit y cycl e i n AABW flux t o th e Atlantic . Interestingly , a  strong  imprin t 
of 4 1 k.y . periodicit y ha s bee n describe d i n som e lat e Quaternar y Antarcti c climati c an d at -
mospheric record s (e.g . Loriu s e t al. , 1990 , Jouze l e t al. , 1987) . I n particula r a  strong  4 1 k.y . 
component wa s foun d i n the dus t recor d (e.g. , Petit  e t al. , 1999 ) fro m th e Vosto k ic e cor e (78°S , 
106°E). Th e dus t mainl y originate s fro m th e Patagonia n Plai n i n Sout h Americ a (Basil e e t al , 
1997). Th e dus t suppl y t o Antarctic a i s strongly linke d t o th e sea - ic e expansio n i n th e Sout h 
Atlantic. Peti t e t al. , (1999 ) suggeste d tha t increase d sea - ice extentio n int o th e Sout h Atlanti c 
causes a  colde r an d drie r climat e i n South  Americ a an d pushe s the bel t o f westerlie s northwar d 
over the Andes (du e t o a  mor e northerl y positio n o f th e Souther n Hemispher e pola r front) . Thi s 
increases erosio n an d result s i n extensiv e dus t mobilsatio n i n South  Americ a (Peti t e t al. , 1999) . 
The stron g 4 1 k.y . periodicit y foun d i n th e Vosto k dus t recor d ma y therefor e b e indicativ e o f 4 1 
k.y. cycle s i n th e Pleistocen e variabilit y o f sea - ic e expansio n i n the Sout h Atlantic . 
4.4. Comparison  between  ODP  Sites  927  and  929  mean (SS) variability:  Implications  for  Atlantic 
deep-water circulation. 
The difference s i n near-bottom-curren t strengt h a t Sit e 92 7 an d Sit e 92 9 a s reveale d b y th e 
contrasting histor y o f mean (Ss) variability (Fig . 3 ) displa y th e differen t flo w regim e associate d wit h 
LNADW and AABW. Thi s i s i n strikin g contras t t o th e stron g positiv e intersit e relationshi p obser -
ved i n deep-wate r carbonat e corrosivenes s an d benthi c d 13C variability (Fig . 4). We thu s conside r 
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the questio n o f ho w change s i n the deep-wate r chemistr y o f AABW an d LNAD W coul d b e nearl y 
synchronous an d displa y simila r trends . 
The histor y o f Atlanti c deep-water  chemistr y (a s reflecte d b y th e mean s o f benthi c 3 13C and car -
bonate corrosiveness) i s therefor e compare d wit h th e histor y o f bottom - curren t strengt h a t bot h 
waterdepths. Sinc e change s i n th e benthi c foraminifera l 3 13C and san d conten t a t th e tw o site s 
are congruenti n term s o f frequency an d tendency (Fig . 4), we tak e th e record s fro m Sit e 92 7 a s a 
reference fo r change s i n th e equatoria l Atlanti c deep-wate r chemistry . I n Figur e 1 1 thes e re -
cords (plot s c ) an d d) ) ar e contrasted b y the mean (Ss) variations a t the two site s (plot s a ) an d b)) . 
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Figure 11:  Comparison between  mean (SS) variability at a) site 929  and  b)  site  927  and  deep-water 
geochemical proxy  records  e.g.  c)benthic  foraminiferal  d 13C and d)  sand  contents  from  site  927. 
Good covariation  is  displayed  between  site  927  mean (Ss) record and  deep  water  geochemical 
proxy records.  By  contrast,  covariation  with  site 929  mean lSs) record is  not established. 
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It become s obviou s tha t change s i n bottom-curren t strengt h a t the LNAD W Sit e 92 7 ar e positive -
ly relate d t o change s i n deep - wate r chemistry . Glacia l dee p wate r i s characterized b y highe r 
nutrient conten t an d highe r carbonat e corrosivenes s (lower  san d content ) whil e weake r circulati -
on o f LNAD W i s registered i n th e Guyan a basi n (fine r mean (ss) size s a t Sit e 927 , Fig . 11b) . I n 
striking contrast , n o relationshi p betwee n deep-wate r chemistr y an d th e meanes t variations a t th e 
AABW cor e Sit e 929 , i s recognized . Thi s indicate s tha t change s i n th e physica l flo w o f AAB W 
(as inferre d fro m bottom-curren t variability ) ar e no t couple d wit h change s i n th e Atlanti c deep -
water chemistry . 
We conclud e tha t change s i n th e Atlanti c deep-wate r chemistr y wer e accompanie d b y change s 
in th e physica l flo w regim e o f LNAD W (bu t no t b y change s i n th e physica l flo w regim e o f 
AABW). W e therefor e sugges t tha t th e synchroneit y an d similarit y i n tendenc y o f th e recorde d 
geochemical deep-wate r record s (Fig . 4) i s relate d t o substantia l change s i n th e overal l quantit y 
and/or qualit y o f LNADW  production . Below , w e addres s three possibl e approache s fo r explai -
ning th e glacial-interglacia l deep-wate r reconfiguration s drive n b y LNADW : 
(1) Du e to changes i n th e productio n region s glacia l LNAD W migh t hav e ha d a  differen t initia l 
geochemical compositio n compare d t o th e interglacia l situation . Furthermore , th e expor t t o th e 
Southern Ocea n wa s considerabl y diminished . I n consequence , th e volum e an d qualit y o f 
NADW injecte d int o th e Antarcti c Circumpola r Dee p Wate r (ACDW ) aroun d Antactic a ma y hav e 
completely changed . Sinc e th e ACD W i s a  mai n sourc e i n the productio n o f AAB W (Reid , 1989 , 
1996), th e observe d shift s i n th e Atlanti c deep-wate r chemistr y coul d actuall y b e synchronou s 
and displa y simila r trends . 
(2) LNAD W expor t wa s reduced durin g glacia l period s bu t it s initia l geochemica l compositio n 
remained unchanged . Thi s woul d influenc e onl y th e deep - wate r chemistr y o f AAB W du e t o a 
diminished contributio n o f NAD W to the ACDW. Synchronou s change s a t th e shallowe r Sit e 927 , 
would occu r du e t o a  vertica l expansio n o f AABW i n th e wate r colum n an d ma y reflec t glacial -
interglacial gradient s i n LNAD W chemistry . 
(3) LNAD W i s diluted b y large r quantitie s o f AAB W (wit h a  differen t initia l composition ) injecte d 
into th e LNAD W bod y alon g a  broade r mixin g zone . 
The latte r tw o scenario s requir e a n immensl y enhance d productio n o f AAB W i n direc t respons e 
to th e diminishe d LNAD W flux . A  sligh t increas e i n glacia l AAB W productio n ha s bee n propose d 
by mode l simulation s (e.g . Dupless y e t al. , 1996) . However , u p t o now , n o prox y dat a exis t tha t 
would sugges t suc h a n interdependenc e betwee n th e fluxe s o f AABW an d NAD W to th e Atlantic . 
However, i f there ha d bee n correspondin g change s i n th e AAB W productio n i n direc t respons e 
to change s i n th e NAD W flux t o th e th e Atlanti c Ocean , the n the y wer e no t accompanie d b y 
significant synchronou s change s i n the AAB W strea m profil e (a s inferred fro m Sit e 92 9 mean (Ss) 
variability, Fig . 11) . I n consequence , thi s findin g i s less consistent wit h th e latte r tw o scenario s 
because, as we showe d above , i t is very likel y tha t change s i n th e AAB W flu x ar e accompanie d 
by substantia l change s i n the regiona l AAB W stream . 
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In summary , compariso n betwee n th e variation s recorde d i n inferre d bottom-curren t strengt h an d 
deep- wate r chemistr y a t Site s 92 7 an d 92 9 indicate s substantia l change s i n quantit y an d quali -
ty o f produce d LNADW  tha t contro l th e Atlanti c deep-wate r mas s reconfiguratio n a t glacial -
interglacial tim e scales . 
4.5. Inference  for  higher  frequency  fluctuations  in  near-  bottom- current  strength  from  ODP  Site 
927 and the  glacial-  to-  interglacial  tranistions 
The tempora l resolutio n i n th e mean (Ss) record (Fig . 3) display s a  muc h highe r frequenc y o f bot -
tom- current - strengt h variation s a t Sit e 927 . I n particular , durin g OI S 1 0 an d 1 1 ar e significan t 
low-order amplitud e high-frequenc y fluctuation s i n bottom-curren t strengt h occu r o n sub-orbita l 
to millenia l tim e scales . I n agreemen t wit h this , simila r hig h frequenc y fluctuation s wer e registe -
red i n carbonate - preservatio n record s from Sit e 927 after OI S 1 2 (Groge r e t al. , subm.a) . Toge -
ther, thes e indication s fro m th e tropica l Atlanti c resembl e th e high - frequenc y fluctuation s i n 
NADW productio n tha t wer e inferre d fro m benthi c foraminifera l d 13C records a t th e Nort h Atlanti c 
ODP Site s 106 3 (Bermud a Rise ) and 98 0 (Fenni-Drift ) durin g OI S 1 2 an d 1 1 (e.g. , Pol i e t al. , 
2000). I t i s questionable whether , suc h hig h frequenc y fluctuation s i n NAD W production coul d 
have triggere d thos e recorde d i n near - botto m curren t flo w an d carbonat e chemistr y a t th e Ce -
ara Rise . Within th e limit s o f the tempora l resolution , however , w e ca n neithe r prov e no r exclud e 
a possibl e linkag e betwee n th e LNAD W production an d deep - wate r circulatio n i n th e wester n 
equatorial Atlanti c o n shorte r tim e scales . 
However, th e extraordinaril y fin e mean (Ss) values tha t punctuat e th e period s o f maxima l ic e ac -
cumulation nea r th e glacial - to - interglacia l transition s (shor t arrow s i n Fig . 3) greatl y excee d th e 
above describe d high - frequenc y magnitud e fluctuation s describe d above . Groge r e t al . 
(subm.a) propose d tha t thes e extraordinaril y fin e mean (Ss) values wer e cause d b y a n enhance d 
meltwater discharg e int o th e NAD W formatio n sites , followed b y a  nearl y complet e shutdow n o f 
circulation i n th e lowe r NAD W cell , an d causin g exceptionall y wea k bottom-curren t flo w a t th e 
Ceara Ris e (fo r a  detailed discussio n se e Groger e t al. , subm.a). 
Our ne w dat a se t verifies tha t thes e extrem e condition s wer e rathe r episodi c an d probabl y persi -
sted over a  period o f less than 5  k.y. Thi s gives ris e to a more catastrophi c scenari o i n whic h th e 
drastic weakenin g o f circulatio n i n th e LNAD W cel l (an d th e subsequen t "shutdown " i n bottom -
current flo w registere d a t th e Cear a Rise ) wa s cause d b y a  stron g meltwate r impac t int o th e 
NADW formatio n are a triggere d b y massiv e ice-shiel d decompositio n durin g th e initia l deglacia -
tion phase . However , w e ca n no t exclud e th e possibilit y tha t th e meltwate r discharg e strengthe -
ned mor e linearl y wit h ice-shee t growt h an d onl y durin g maximu m ice - shee t expansio n becam e 
large enoug h t o suppres s deep-water  formatio n completely , a s propose d b y Groge r e t al . 
(subm.a). 
Testing th e tw o hypothese s an d th e possibl e linkag e betwee n th e observe d high - frequenc y 
fluctuations i n th e mean (Ss) recor d an d thos e fro m deep-wate r prox y record s a t North  Atlanti c 
sites require s highe r resolutio n record s tha t wil l b e obtained i n a  future researc h projec t focuse d 
on OI S 12 , 11 , and 10 . 
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Conclusions 
Late Quaternar y record s o f mea n sortabl e sil t (10-6 3 u. m fraction) fro m th e N E flank o f th e Cear a 
Rise (OD P Site s 92 7 an d 929 ) indicat e a  water-depth-related grain-siz e sortin g wit h coarse r par -
ticles deposite d a t greate r depths . Sit e 92 9 -  927 difference s i n mea n sortabl e sil t rang e u p t o 
8 u.m and ar e mos t likel y controlle d b y cycli c change s i n th e flo w regim e o f deep-wate r masse s 
(NADW/AABW). Inter-sit e difference s decreas e (an d sometime s eve n becom e negative ) durin g 
interglacial period s whe n th e mea n sortabl e sil t a t Sit e 92 7 coarsen s du e t o stronge r NAD W flow . 
The lac k o f significan t powe r i n th e precessiona l frequenc y ban d i n Sit e 92 7 an d 92 9 mea n 
sortable sil t record s an d th e larg e intersit e mean (Ss) differences indicat e sedimen t sortin g b y th e 
physical flo w regim e o f dee p water s rathe r tha n b y variation s i n th e equatoria l surface - curren t 
system. 
Spectral analysi s o f th e mean (ss> recor d a t th e shallowe r Sit e 92 7 reveal s tha t mos t o f th e 
spectral powe r i s concentrate d i n th e eccentricit y frequenc y band , whic h i s consisten t wit h 
geochemical prox y records . Cross-spectra l analysi s indicate s tha t change s i n near-bottom -
current strengt h la g thos e i n ic e volum e b y ~ 8 k.y . a t th e eccentricit y frequenc y band . Thi s i s 
likely relate d t o th e interactio n betwee n change s i n th e dept h distributio n o f th e LNAD W laye r 
and flo w velocit y i n the LNAD W cel l i n respons e t o substantia l change s i n th e qualit y an d quan -
tity o f NAD W productio n aroun d th e glacial - to - interglacia l transitions . 
Besides th e orbitall y induce d variations , OD P Sit e 92 7 mean (Ss) values exhibi t highe r frequenc y 
fluctuations, especiall y durin g OI S 12 , 11 , and 10 , resemblin g analo g millenial-scal e change s 
in NAD W productio n (e.g. , Pol i e t al. , 2000) . 
By contrast , a t the deepe r Sit e 92 9 th e variation s i n mean sortabl e sil t ar e dominate d b y a  stron g 
41 k.y . obliquit y periodicity , whic h i s a commo n featur e i n man y climati c an d atmospheri c re -
cord fro m th e Antarcti c (Vosto k ic e core , 78°S , e.g . Peti t e t al. , 1999) . Covariatio n wit h th e re -
cord o f Souther n Hemispher e summe r insolatio n a t 78 ° S  i s well established . W e propos e tha t 
the mean (Ss) variabilit y a t th e deepe r Sit e 92 9 i s relarted t o change s i n th e AAB W flo w regime , 
possibly linke d t o climaticall y induce d change s i n AAB W flu x t o th e Atlanti c Ocea n tha t chang e 
its flo w pat h throug h th e Guyan a Basin . 
Changes deep-wate r chemistr y ar e synchronou s betwee n th e tw o site s and displa y simila r trend s 
at bot h water depths . Thi s patter n i s no t recognize d i n th e variabilit y o f inferre d bottom - curren t 
strength. However , bottom - curren t strengt h a t th e LNAD W Site 92 7 correlate s wel l wit h th e At -
lantic deep - wate r chemistry . Thi s point s t o a  substantia l rol e o f change s i n th e quantit y an d 
quality o f LNAD W flux i n th e contro l o f Atlanti c deep-water  mas s reconfiguration s a t glacial -
interglacial tim e scales . 
We thank W . Hale , an d T. Wagner, fo r comment s an d criticism . W e thank Renat e Hennin g an d Christia n 
Mliller for laborator y an d technical assistance . Thi s work was financially supporte d b y the Germa n Scienc e 
Foundation (DFG-Gran t He 1671/ 10) . 
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Part III : Summar y and conclusions 
Changes i n oceani c circulatio n hav e greatl y influence d climat e variabilit y o n a  globa l scale . I n 
this thesi s reconfiguration s o f deep-wate r circulatio n hav e bee n investigate d i n th e Atlanti c 
Ocean an d th e Caribbea n Sea . Deep-wate r chemica l an d physica l propertie s hav e bee n inve -
stigate t o reconstructe d deep-wate r circulatio n ove r th e las t thre e millio n years . Variation s i n th e 
vertical distributio n o f deep-wate r masse s hav e bee n inferre d fro m change s i n carbonat e chemi -
stry and th e stabl e carbo n isotopi c compositio n i n benthi c foraminifera l shells . Change s i n th e 
physical flo w regim e o f circulatin g dee p water s wer e estimate d b y interpretin g th e paleointensit y 
of bottom-curren t flo w a s inferre d fro m grain-siz e analyse s o f the terrigenous sil t fraction . Fo r thi s 
purpose, cor e location s wer e selecte d i n region s tha t ar e sensitive t o change s i n th e mai n wate r 
masses, e.g. , UNAD W i n the Caribbean (OD P Sit e 999) , an d LNAD W (OD P Sit e 927 ) an d AAB W 
(ODP Sit e 929 ) i n th e western equatoria l Atlantic . 
Results from  ODP  Sites  927  and  929  at  the  Ceara  Rise depth traverse  (western  Atlantic) 
Detailed grain-siz e analyse s o f th e terrigenou s sil t fractio n wer e carrie d ou t o n sedimen t core s 
from OD P Site s 92 7 (-330 0 m  water depth ) an d 92 9 (-440 0 m  water depth) . Bottom-curren t in -
duced particl e sortin g i s considere d t o b e th e primar y facto r controllin g mea n grai n siz e i n th e 
10-63 u. m fraction (mea n sortabl e sil t =  mean (SS)). The mai n argument s fo r thi s assumptio n are : 
(1) Th e goo d covariatio n observe d betwee n th e mean (Ss) sizes recorded i n th e terrigenou s an d 
the biogenou s (calcareous ) sil t components , 
(2) th e larg e difference s i n averag e mean (ss> sizes betwee n Site s 92 9 an d 927 , 
(3) th e dissimilarit y o f variabilit y i n mean (Ss) with respec t to th e trends an d frequenc y o f recorde d 
changes a t the tw o sites . 
Because o f th e proximit y o f the two sites , argument s (2 ) and (3 ) rul e ou t th e possibilit y tha t vary -
ing sedimen t suppl y fro m th e Amazon rive r vi a th e regiona l surfac e current s (e.g . Nort h Equato -
rial Counte r Current ) ha s significantl y influence d th e mean (Ss) variability a t th e two sites . 
At Sit e 92 7 (-330 0 m ) on the Cear a Rise , downcor e record s o f th e terrigenou s mean (Ss) revea l a 
highly variabl e histor y o f bottom-curren t intensit y a t th e LNADW  core depth . Th e deduce d cur -
rent intensitie s ar e mos t likel y controlle d b y th e climaticall y induce d weakening/strengthenin g o f 
circulation withi n th e LNADW  cell . Thi s i s indicated b y th e excellen t covariatio n betwee n th e 
physical mean (Ss) prox y an d th e benthi c 5 13C proxy, whic h monitor s change s i n th e deep-wate r 
nutrient content . Throughou t th e Pleistocen e (-1.6-0. 3 Ma ) th e inferre d bottom-curren t strengt h 
and, hence , LNAD W circulatio n wa s generall y weake r i n glacial s compare d t o interglacia l peri -
ods. I n agreemen t wit h this , lowe r glacia l benthi c 5 13C values an d poo r preservatio n o f plankti c 
foraminifera indicat e reduce d ventilatio n an d a  highe r carbonat e corrosivenes s o f deep-wate r a t 
the cor e dept h o f moder n LNADW . Whethe r th e glacia l increas e i n carbonat e corrosivenes s i s 
due t o a  glacia l shallowin g o f th e LNADW/AAB W boundar y or , alternatively , ma y b e simpl y ex -
plained b y a n "older" , mor e C0 2-rich an d thu s mor e corrosiv e LNADW  mas s alone , remain s t o b e 
resolved. I n conclusion , th e observe d glacia l slowdow n o f circulatio n mus t hav e bee n associa -
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ted with a  stron g reductio n i n meridiona l hea t transfer , thu s amplifyin g th e Pleistocen e glaciati -
ons. 
The mos t fundamenta l chang e durin g th e Pleistocen e occurre d a t th e mid-Pleistocen e climat e 
transition centere d aroun d ~ 1 Ma . Here , a  drasti c decreas e i n glacia l LNAD W circulatio n an d 
ventilation i s inferre d fro m a  drasti c decreas e i n mean (Ss> and benthi c 5 13C values. Thi s i s paral-
leled b y a  substantia l increas e i n deep-wate r carbonat e corrosivenes s a s indicate d b y a  consi -
derable worsenin g o f plankti c foraminifera l preservatio n durin g glacia l periods . Moreover , th e 
finer mean (Ss) values indicat e tha t bottom-curren t intensit y wa s generall y weake r compare d t o 
glacial period s o f th e earlie r Pleistocen e (1.6-0.9 5 Ma) . I t i s propose d tha t th e observe d shift s i n 
circulation strengt h an d wate r chemistr y represen t a  direc t respons e t o intensifie d glacia l ice -
sheet buil d u p i n th e Norther n Hemisphere . 
In contrast t o the slowdow n scenari o o f glacia l periods , a  shutdow n scenari o i s proposed a t th e 
glacial-to-interglacial transition s o f th e younge r Pleistocen e (-1.0-0. 3 Ma) . Here , th e lowes t me -
an(Ss) values o f abou t -1 2 u. m poin t t o a  tota l absenc e o f vigorou s botto m current s a t Sit e 927 , 
indicating a  complet e shutdow n o f circulatio n i n th e LNAD W cell . Ou r result s sho w that eac h o f 
these short-term shutdowns wa s followed b y a  rapi d shif t t o ver y hig h bottom-curren t intensities . 
This indicate s a  substantia l rebalancin g o f Atlanti c deep-wate r circulatio n du e t o a  rapi d rei -
nitiation o f LNAD W circulatio n durin g th e earl y period s o f interglacials . Thes e pronounce d 
changes a t th e glacial-to-interglacia l transition s ar e a  uniqu e featur e o f th e younge r Pleistocen e 
(-0.8-0.3 Ma) , afte r th e mid-Pleistocen e climat e transition . The y ar e no t observe d durin g th e 
early Pleistocen e whe n mor e gradua l change s o f bottom-curren t intensit y ar e indicated . 
The lat e Pleistocen e mean (Ss) variabilit y ha s bee n analyze d i n th e tim e domai n usin g spectra l 
analysis techniques . Mos t o f th e spectra l powe r i s concentrated a t th e Earth' s eccentricit y fre -
quency band . There , change s i n th e inferre d bottom-curren t intensit y occu r abou t 8  k.y . late r 
than th e change s i n ic e volume . I t i s propose d that , i n a  firs t step , th e glacia l decreas e i n 
LNADW flux i s compensated fo r b y a  reduction o f th e LNAD W laye r i n th e Atlantic . I n a  secon d 
step, th e LNADW  circulatio n slow s down, thereb y reducin g th e expor t rate s o f LNADW  to othe r 
Oceans. 
In contras t t o th e Sit e 92 7 mean (Ss) variability , whic h exhibit s a  stron g 100-k.y . periodicity , th e 
deeper Sit e 92 9 mean (Ss) reveal s obliquit y cycles . I n general , i t covarie s wel l wit h th e Souther n 
Hemisphere summe r insolation . I t i s assumed tha t thes e variation s ar e controlle d b y th e AAB W 
flux t o th e wester n tropica l Atlanti c an d th e specia l topograph y o f th e Guyan a basin . There , 
increased flu x ma y lea d t o a  ris e o f th e uppe r AAB W boundary , enablin g AAB W t o flo w wes t o f 
the Cear a Rise , providin g a  large r strea m diamete r an d thu s slowin g th e circulatio n withi n th e 
Guyana basin . 
The Pliocen e (3.5-2. 2 Ma ) deep-wate r circulatio n ha s bee n investigate d a t Sit e 927 , revealin g a 
three-phase evolutio n wit h majo r step s at 3. 1 an d 2.7 5 Ma . Thi s tim e interva l comprise s th e 
main step s o f Norther n Hemispher e glaciation . Th e result s indicat e tha t th e highes t bottom -
current intensit y ( = highes t mean (Ss) values) and , hence , th e stronges t circulatio n o f LNADW  oc -
curred durin g th e Norther n Hemispher e coolin g transitio n betwee n 3. 1 M a an d 2.7 5 Ma . Thi s 
corroborates th e supe r conveyo r mode l fo r thi s tim e interval . The exac t relationshi p wit h coolin g 
91 
Part III : Summary an d conclusion s 
of the Norther n Hemispher e i s unclear . A  positiv e effec t ma y hav e bee n provide d b y increasin g 
pole-to-equator pressur e an d temperatur e gradients , whic h woul d hav e strengthene d th e zona l 
atmospheric circulatio n an d wate r vapo r expor t fro m th e Atlanti c t o th e Pacifi c Ocean . 
Our data , however , d o no t suppor t a  supe r conveyo r i n the interva l betwee n 3. 5 M a an d 3. 2 Ma . 
During thi s period , high-amplitud e fluctuation s i n bottom-curren t strengt h an d i n plankti c 
foraminiferal preservatio n ar e registered . Hence , a  long-term , persistin g supe r conveyo r obvi -
ously di d no t exist . Th e caus e o f fluctuation s i n LNADW  circulation ha s no t ye t bee n resolved . 
Variations i n th e salinit y differenc e betwee n th e Atlanti c an d th e othe r ocean s (whic h drive s th e 
thermohaline circulation ) triggere d b y change s i n th e hydrologica l cycl e o r atmospheri c circu -
lation ma y b e responsible . 
Synchronous wit h th e firs t occurrenc e o f large-scal e continenta l ic e sheet s o n th e Norther n 
Hemisphere, a  significan t declin e i n bottom-curren t strengt h an d plankti c foraminifera l preserva -
tion i s observed . Thi s document s th e terminatio n o f the supe r conveyo r a t aroun d 2.7 5 Ma . Fro m 
then onwar d increasingl y pronounce d glacial/interglacia l fluctuation s dominat e th e LNAD W 
circulation. Durin g colde r period s a  considerabl e declin e i n bottom-curren t intensit y an d plank -
tic foraminifera l preservatio n poin t t o a  significan t reductio n i n th e overal l volum e o f NADW . 
Results from  ODP  Site 999 
At Sit e 99 9 plankti c foraminifera l shel l preservatio n ha s bee n investigate d t o portra y th e evolu -
tion o f Atlanti c intermediat e wate r circulatio n throughou t th e Pliocene-Pleistocene . Bette r pres -
ervation was foun d i n th e Pleistocen e interva l an d stronge r dissolutio n i n th e Pliocene . Thi s i s 
explained b y a n increase d overtur n o f uppermos t UNAD W from th e intermediat e Atlanti c int o th e 
deep Caribbea n an d a  decrease d impor t o f corrosiv e AAI W durin g glacial s i n th e Pleistocene . 
By contrast , th e opposit e tren d o f progressivel y decreasin g preservatio n fro m the Pliocen e t o th e 
Pleistocene glacial s wa s observed a t OD P Sit e 927 , indicatin g a n overal l decreas e i n LNAD W 
production. 
At Sit e 99 9 th e bes t preservatio n i s registere d aroun d th e mid-Pleistocen e climat e transitio n 
between -1. 0 an d 0. 7 Ma . Thi s indicate s tha t th e dee p Caribbea n wa s almost exclusivel y occu -
pied b y non-corrosiv e UNAD W during thi s period . Afte r 0. 7 Ma , a  shif t bac k t o a  mor e glacial -
interglacial relate d preservatio n patter n i s recognized. B y contrast , th e mos t intens e carbonat e 
dissolution i s registere d aroun d 45 0 k a when LNAD W productio n wa s at it s maximum . Thi s wa s 
likely associate d wit h a  reductio n o f UNAD W flux t o th e Atlantic . A  resultin g predominanc e o f 
corrosive AAI W i n th e dee p Caribbea n migh t explai n th e pronounce d decreas e i n carbonat e 
preservation. 
The Pliocen e (3.5-2. 3 Ma ) evolutio n i s characterized b y a  long-ter m tren d towar d progressivel y 
improving carbonat e preservation . Thi s indicate s a n increasin g volum e i n overtur n o f non -
corrosive intermediat e water s throug h th e Caribbea n sil l front  an d a n increas e i n th e overal l 
volume o f UNAD W contribute d t o th e Atlanti c Ocean , an d ma y b e interprete d a s a respons e t o 
the gradua l closur e o f th e Centra l America n Gatewa y (CAG) . 
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The mos t pronounce d shif t towar d bette r plankti c foraminifera l preservatio n i s registered a t ~3. 3 
Ma, indicatin g a  considerabl e increas e i n UNAD W overturn fro m the n onward . I t i s suggeste d 
that thi s mark s a  threshol d durin g th e long-term , stepwis e closur e o f th e CAG , which le d t o a n 
increase i n th e formatio n o f uppermos t NADW . 
Outlook 
This thesi s ha s improve d th e curren t knowledg e o f Atlanti c deep-wate r circulatio n throughou t 
the pas t ~ 3 m.y . Durin g recen t decades , intens e researc h effort s hav e bee n applie d t o thi s topi c 
by studyin g th e ocean' s pas t chemistry . Presently , a  rapidl y growin g numbe r o f studies investigat -
ing nutrien t concentratio n i n deep  water s (a s preserved i n th e 5 13C signals i n benthi c foraminif -
eral shells ) ar e bein g publishe d i n scientifi c journals . However , geochemica l gradient s primaril y 
portray th e vertica l deep-wate r mas s distribution an d d o no t provid e informatio n abou t curren t 
strength withi n th e deep-wate r regime . A s thi s thesi s illustrates , th e reconstructio n o f bottom -
current intensit y ma y serv e as a powerfu l too l i n futur e researc h fo r th e reconstructio n o f deep -
water physica l flo w and , hence , for estimatin g change s o f transfer rate s alon g geostrophi c deep -
sea currents . 
The subjec t o f furthe r studie s wil l b e t o combin e geochemica l an d physica l prox y record s i n 
studying deep-wate r circulation . Thi s wil l provid e ne w insight s o n actua l researc h activitie s con -
cerning deep-wate r circulatio n tha t ma y hel p i n furthe r resolvin g th e rol e o f th e dee p ocea n i n 
the earth' s climat e system . 
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